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Foreword 


"T 


Shock-wave/boundar\ -layer  interactions  continue  to  be  ubiquitous  phenomena  in  supersonic  and  hspersonic  aerodynamics, 
and  their  importance  is  often  crucial  as,  for  example,  for  hypersonic  controls  and  for  air  intakes  in  general.  This  is  the  reason  lor 
the  continuous  research  efforts  in  this  field,  aiming  at  developing  reliable  methodologies  for  future  vehicle  design.  Results  from 
these  programmes  have  been  reported  in  Delery  and  Marvin’s  l‘)86  AGARDograph  (AG-281))  and  in  the  Id.ss)  AG.ARIT  TOP 
V'KI  Special  Course  on  "Three-dimensional  supersonic/hypersonic  flows  including  separation  ". 

The  present  course  reviews  the  recent  progress  in  this  field.  In  particular,  a  large  part  of  the  course  is  devoted  to  swept 
interactions,  both  laminar  and  turbulent,  including  a  discussion  of  the  following  topics: 

•  the  flowfield  structure, 

•  the  scaling  and  similarity  laws, 

•  the  effect  of  shock  strength  on  flow  features, 

•  the  effect  of  shock  geneiator  geometry  for  a  given  shtKk  strength, 

•  expenmental  techniques,  in  particular  optical  techniques,  for  the  investigation  of  swept  interactions, 

•  contributions  of  numencal  simulations  to  the  understanding  of  swept  interactions. 

A  limiting  factor  in  the  understanding  and  ability  to  predict  shock  wg-’e  boundary-layer  mteractions  is  a  good  kiin.  :  ol 

turbulence  behaviour.  In  particular,  it  is  well  known  that  classical  turbulence  models  produce  rather  poor  predictions  in  sirongn 
interacting  flowfields.  Turbulence  behaviour  in  shock-wave/boundary-layer  interactions  therefore  constitutes  the  second  major 
subject  of  this  course,  including  a  discussion  of 

•  global  flowfield  unsteadiness  due  to  turbulence  and  its  impact  on  turbulence  quantities, 

•  contnhution  of  LDV  to  the  physical  description  of  typical  shock-wave  boundary-layer  interactions  w  ith  incidence  on 
turbulence  modelling, 

•  specific  issues  in  turbulence  modelling  for  shock-wave  boundary-layer  interactions  with  evamph’s  of  applications 

Finally,  a  lecture  is  devoted  specifically  to  hypersonic  interactions.  Special  emphase.^  are  givcii  to  the  following  questions: 

•  heat  transfer  in  hypersonic  interactions. 

•  effect  of  transition  on  hypersonic  interactions,  including  the  striation  phenomenon, 

•  computation  of  hypersonic  laminar  interactions  and  code  validation. 
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Avant-Propos 


Les  interactions  onde  de  choc  couche  limite  demeurent  des  phenomenes  omniprc^ents  en  aerodynamique  supcisornque  et 
hypersonique.  et  leur  importance  est  souvent  cruciale.  par  exemple  pour  les  surfaces  dc  controle  hypcrsomqucs.  dc  memc  quc 
pour  les  entrees  d'air  en  general.  C’est  pourquoi  des  programmes  de  recherche  continuem  a  ctre  consacres  a  cc  sujct,  cn  \  ue  dc 
developper  des  methodes  fiables  pour  la  conception  de  futurs  vehicules.  Les  resultats  de  certains  de  ces  programmes  om  etc 
e.xposes  dans  I'AGARDograph  AG-280  de  Delery  et  Marvin  public  en  1986,  ainsi  que  dans  les  notes  du  C  ours  AG.  VKD  LOP 
VKl  de  1989  consacre  aux  ‘Ecoulements  supersoniques  et  hypersoniques  tiidimensionnels,  y  compris  Ic  dccollcmciit' 

Cc  cours-ci  passe  en  revue  les  progres  recents  dans  le  domaine.  En  particulier.  une  large  part  du  cours  cst  coiisaercc  aux 
interactions  derapees,  lamiiiaires  et  turbulentes  et  comprend  une  discussion  des  points  siiivants: 

•  la  structure  de  lecoulement, 

•  les  parametres  d'echelle  et  les  lois  de  similitude, 

•  I'effet  de  I'inlensite  du  choc  sur  les  caracteristiques  de  recoulcment, 

•  I’effet  de  la  geometrie  du  generateur  de  choc  pour  une  intensite  donnce, 

•  les  techniques  experimentales,  en  particulier  optiques  pour  I’etude  des  interactions  derapees. 

•  la  contribution  des  simulations  numeriques  a  la  comprehension  des  interactions  derapees 

Un  facteur  limitant  la  comprehension  et  la  capacite  de  predire  les  interactions  ondc  de  choc  couche  hmitc  est  la 
(me)connaissance  du  comportement  de  la  turbulence  dans  ces  ecoulements.  En  particulier.  tl  est  bicn  connu  quc  les  modeles 
classiques  de  turbulence  fournissent  des  resultats  assez  mediocres  pour  les  interactions  fortes  C'est  pourquoi  !e  comportement 
de  la  turbulence  dans  les  interactions  onde  de  choc  couche  limite  constitue  le  second  sujct  principal  du  cours.  On  abordc 

•  I'instationnarite  globale  de  I'ecoulement  declenchee  par  la  turbulence  et  son  impact  sur  les  grandeurs  turbulentes. 

•  la  contribution  de  la  velocimetne  laser  (l.DV)  ii  la  description  physique  d'interactions  onde  de  choc  couche  htmte 
typiques  et  I’impact  sur  la  modeltsation  de  la  turbulence. 

•  les  problemes  specifiques  de  modelisation  de  la  turbulence  pour  les  interactions  onde  de  choc  couche  hmite  usee 
exemples  d'applications. 

Enfin.  un  expose  est  consacre  plus  particulierement  aux  interactions  hypersoniques.  I.  accent  est  mis  sur  les  questions  sub  antes 

•  le  transfert  de  chaleur  dans  les  interactions  hypersoniques. 

•  I’effet  de  la  transition  sur  les  interactions  hypersoniques.  y  compris  le  phenomenes  de  stries  longitudinales. 

•  !a  simulation  numerique  d'interactions  hypersoniques  laminaires.  et  la  validation  de  codes 
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VCO  virtual  conical  origin 

x,y,z  Cartesian  coordinate  system 

X  coordinate  normal  to  plate  in  heat  transfer 

analysis 

a  angle  made  by  fin  with  respect  to  the 

incoming  freestream  direction,  deg. 

0  angle  made  by  surface-flow  features  with 
freestream  direction  in  spherical  polar 
coordinates,  deg. 

fia  angle  made  by  inviscid  shock-wave  trace  on 
test  surface  with  freestream  direction,  deg. 

-  ifia  -  f'oo)'  ftduced  invi.scid  shcKk  angle 
parameter 

angular  measure  of  A-fiKrt  defined  in  Fig.  28 
AjSj  angular  measure  of  A-foot  defined  in  Fig.  28 
=  {01  -  A*oo)>  tctfuced  upstream  influence 
angle  parameter 
T  ratio  of  specific  heats 

5  incoming  undisturbed  boundary-layer 

thickness,  mm 

As  oil-film  leading-edge  distance,  m 

6  incoming,  undisturbed  boundary-layer 

momentum  thickness,  mm 

A  shock  generator  leading-edge  sweep- 

back  angle,  also  la.ser  wavelength 
=  sin'(l/M(^),  Mach  angle  of  incoming 
freestream 

oil  viscosity,  centistokes 

^1  "  (p^Pi),,  incipient  separation  pressure  ratio 

p  density,  kg/m’ 

wall  shear  stress,  N/m‘ 

(p  a/imuthal  angle  in  spherical  polar 

coordinates,  deg. 
n  Ohms 

22  Subscripts 

aw  adiabatic  wall  conditions 

i  incipient  separation 

is  incident  .shock 

m  maximum 

n  normal 

p  plateau 

pa  primary  attachment 

pk  peak  value 

ps  primary  separation 

r,  ref  reference  value 

s  shock 

s,  SI  separation 

U,ui  upstream  influence 

TP  triple-point 

w  wall  conditions 

oo  incoming  freestream  conditions 

0  value  at  beginning  of  interaction 

*  denotes  incipient  separation  condition 

3.  INTRODUCTION 

The  interactions  of  shock  waves  and  boundary-layers 
have  long  been  a  fundamental  and  critical  problem 
area  of  fluid  dynamics.  They  represent  tiie  imposilhm 
of  the  strongest  adverse  pressure  gradients  on  viscous 


layers  which  are  susceptible  to  disruption  bv  such 
gradients.  Unfortunately,  the  nature  ot  high-s|H;ed 
flow  over  practical  missiles,  aircralt,  re-entry  vehicles, 
and  turbomachinery  components  makes  such 
interactions  unavoidable,  with  consequences  ranging 
from  tolerable  to  (occasionally)  disastrous. 
Furthermore,  the  scale  and  performance  constraints  of 
such  practical  applications  almost  always  dictate  that 
the  interactions  in  question  will  be  Ixith  turbulent  and 
three-dimensional.  Thi-  three-dimensionality  usually 
implies  that  the  interactions  are  (or  have  comixinents 
which  arc)  moderately  to  highly  swept 

The  pa.st  20  years  have  seen  intensive  research  on  the 
jubject  of  swept  shr'ck  wave/iiirbulent  b''undar\  -layei 
interactions.  This  research  was  conducted  and 
supported  becau.se  it  was  rccogni/ed  that  such  tlows 
are  important,  fundamental  viscous/inviscid 
interactions,  are  key  building-blocks  in  high-speed 
internal  and  external  aerodynamic  problems,  and  are 
primary  lest  cases  lor  numerical  simulations.  From 
the  ellorls  of  a  number  of  invesiigatois  worldwide,  a 
limited  understanding  ot  such  interactions  is  now 
available  whereas,  only  a  few  years  ago.  almost 
nothing  was  known. 

Several  recent  publications  have  attempted  an 
overview  of  this  newfound  understanding,  including 
lho.se  in  1986  and  by  the  present  author  and  D. 
S.  Dolling  (Refs.  1.2).  The  present  paper  relies  heavily 
upon  Ref.  2  for  the  interaction  scaling  laws  and  part 
of  the  flowfield  structure  sections,  while  as.sembling 
material  not  previously  reviewed  for  the  section  on 
experimental  methods, 

3.1  Present  Scope 

Refs.  1  and  2  are  each  on  the  order  of  25,000  words 
long.  Ref.  1  is  a  general  review  of  swept  interactions, 
while  Ref.  2  concentrates  specifically  upon  turbulent 
interactions  produced  by  sharp  fins  and  interaction 
unsteadine.ss.  The  present  paper  may  be  thought  of  as 
an  update  and  supplement  rather  than  as  a 
replacement  for  these  documents.  Moreover,  insofar 
as  iiasteady  phenomena,  numerical  simulations,  and 
laminar/lransitional  interactions  are  covered  by  other 
authors  in  this  report,  they  are  omitted  from 
consideration  here.  Likewise,  the  present 
consideration  of  experimental  methods  forgoes  any 
di.scussion  of  Laser  Doppler  Velocimetry  in  favor  of 
the  paper  by  J.  Delery  given  elsewhere  in  this  report. 

This  discussion  is  thus  re.strictcd  to  supersonic 
interactions  with  turbulent  boundary  layers,  whence 
the  main  body  of  available  data  derives.  Even  so,  a 
wide  variety  of  swept  interaction  types  exists.  An 
effort  was  made  to  classify  and  describe  several  of 
these  in  Ref.  1,  to  which  the  reader  is  referred.  Ref. 
2,  on  the  other  hand,  concentrated  on  the  large  body 
of  available  information  concerning  the  .vharp-fin- 
gencrated  interaction  with  a  turbulent  boundary  layer. 
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1.  SUMMARY 

A  general  review  is  given  of  several  decades  of 
research  on  the  scaling  laws  and  flowfield  structures 
of  swept  shock  wave/turbulent  boundary  layer 
interactions.  Attention  is  further  restricted  to  the 
experimental  study  and  physical  understanding  of  the 
steady-state  aspects  of  these  flows.  The  interaction 
produced  by  a  sharp,  upright  fin  mounted  on  a  flat 
plate  is  taken  as  an  archetype.  An  overall  framework 
of  quasiconical  symmetry  describing  such  interactions 
is  first  developed.  Boundary-layer  separation,  the 
interaction  ftwlprint,  Mach  number  scaling  and 
Reynolds  number  scaling  arc  then  considered, 
followed  by  a  dLscussion  of  the  quasiconical  similarity 
of  interactions  prcxluced  by  geometrically-dissimilar 
shock  generators.  The  detailed  structure  of  ihc.se 
interaction  flowfields  is  next  reviewed,  and  is 
illustrated  by  both  qualitative  visualizations  and 
quantitative  flow  images  in  the  quasiconical 
framework.  Finally,  the  experimental  techniques  used 
to  investigate  such  flows  are  reviewed,  with  emphasis 
on  modern  non- intrusive  optical  flow  diagnostics. 

2.  LIST  OF  SYMBOLS 


2.1  Main  Symbols 

A 

amperes 

Ct 

incoming 

coefficient 

boundary-layer  skin 

friction 

incoming 

boundary-layer  heat 

transfer 

coefficient 

Cp  specific  heat  at  constant  pressure 
D,d  shock  generator  leading-edge  diameter,  mm 
D  thermal  diffusivity 

g  heat  generation  rate,  W/m’ 

H, h  step  height,  mm 

K  constant 

k  thermal  conductivity 

I, ,  l„  orthonorma!  coordinates  based  on  inviscid 

shock  wave  trace  on  test  surface 
L,  inception  length  from  VCO  to  conical  flow, 

mm 


L.  =  (1„.'6)Kl,.  non-dimensional  disl.iiKc 

measured  normal  lo  inviscid  shock  trace  on 
test  surface 

L,  =  (1,/6)RC|5'  ',  nim-Jimensional  dist.inee 

measured  along  inviscid  shock  trace  .m  test 
surface 

Mn.M„  =M  g^sin^p,  Mach  nurnber  normal  to  invisi  id 
shock  Wave  trace  on  test  surlaee 
Mn,  =  Mach  number  ntirmal  to  separation  line 

M, ^,  incoming  freestream  Mach  number 

n  oil  refractive  index 

N'  effective  fringe  number 

PA.A,  primary  flow  attachment  line 

PS,S|  primary  flow  separation  line 

p  static  pressure.  MPa 

p,^  incoming  freestream  static  pressure,  MPa 

p,  freestream  static  pressure  before  shock.  MPa 

p,  freestream  static  pressure  after  shock,  MPa 

M  amv  convccted  to  flow,  W'/m' 

*1  hear  efflux  from  heater,  W/m‘ 

q'’,„„  heat  conducted  through  insulator  board, 
W/m' 

R,  r  distance  measured  from  the  virtual  o'igin  in 

spherical  piolar  coordinate  frame,  mm 
r  oil  refraction  angle 

R  resistance,  fl 

Re  freestream  unit  Reynolds  number,  m ' 

Re^  Reynolds  number  based  on  the  incoming, 
undisturbed  boundary- layer  thickness 
RCj  Reynolds  number  based  on  the  incoming, 
undisturbed  boundary-layer  momentum 
thickness 

S  separation  line 

S,  .  optical  phase  shift 

SA  secondary  flow  attachment  line 

SS.Sj  .secondary  flow  separation  line 

t  time 

t’  effective  flow  tir  e 

T  temprerature,  °K 

Tj  stagnation  temperature,  "K 

U,UI  upstream  influence  line 

V  velocity,  m/s,  also  volts 


As  in  Ref.  2,  the  present  paper  will  also  concentrate 
its  attention  on  the  simplest  of  all  swept  interactions, 
le  that  generated  by  an  equilibrium,  adiabatic 
flat-plate  turbulent  boundary  layer  interacting  with  the 
swept,  planar  oblique  shock  wave  generated  by  an 
upright,  sharp-leading-edged  fin  at  anglc-of-attack  a 
{.see  Fig.  1).  Known  as  a  ".sharp  fin  interaction”  for 
brevity,  this  flow  is  a  classical  case,  an  archetype,  of 
swept  interactions  in  general.  (The  reader  should 
note  that  various  authors  have  also  referred  to  this 
case  as  a  "glancing-shock”  or  "swept-normal-shock” 
interaction.)  Emphasis  will  be  placed  on  experimental 
results  which  shed  light  on  the  physical  behavior 
and  phenomenology  of  these  interactions  rather 
than  on  prediction  methods  or  aerothermodynamic 
applications  per  se. 


This  concentration  on  sharp  fin  interactions  neglects 
several  other  swept  interaction  types--thc  blunt  fin, 
swept  compression  corner,  etc. -which  are  certainly 
not  of  negligible  imp<.)rtancc.  However,  relatively  little- 
new  work  has  appeared  on  these  topics  since  they 
were  reviewed  in  Ref.  1  and  other  reviews  mentioned 
below.  The  only  other  interaction  type  seeing 
significant  recent  activity  is  the  important  new  area  of 
crossing-shock  interactions.  While  this  area  is  not 
covered  due  to  necessary  limitations  on  the  present 
scope,  it  is  expected  that  crossing-shock  interactions 
will  be  the  subject  of  a  .sepju-ate  review  in  due  time. 

3,2  Historical  Sketch 

The  interaction  of  a  shock  wave  with  a  boundary-layer 
was  apparently  first  observed  by  Ferri  (Ref.  3)  in 
1939.  Following  World  War  II,  research  on  the 
subject  concentrated  on  2-0  interactions,  which  were 
thought  to  be  more  amenable  to  study  than  swept 
interactions.  The  work  of  Stalker  (Ref.  4)  in  1960  was 
the  first  detailed  attempt  to  study  interaction 
sweepback.  There  followed  a  25-year  period  of  steady 
increase  in  the  number  of  papers  published  annually 
on  swept  interactions,  indicating  that  this  subtopic  of 
fluid  dynamics  was  still  a  maturing  research  area 
during  that  time.  The  publication  record  reveals 
spurts  of  activity  in  the  late  1960s  and  mid-70s. 


presumably  due  to  the  cold-war  space  race'  and  the 
SST  and  Space  Shuttle  development  cllorts  The  most 
recent  spurt  of  activity  may  be  ascribed  in  pan  ii)  the 
need  for  experimental  benchmarks  lor  C  FD 
predictions,  and  to  the  NASP  program. 

It  may  be  that  the  field  of  swept  interactions  is 
nearing  maturity  at  the  lime  of  this  writing  II  so,  it 
is  principally  the  result  of  several  research  groups 
having  concentrated  on  the  problem,  especially  those 
at  the  NASA-Ames  Research  Center,  Penn  Stale. 
Princeton,  and  Rutgers  L'niversities,  and  the  Institute 
for  Theoretical  and  Applied  Mechanics  in  Nov  osibir  sk 

Additional  material  pertinent  to  the  present  topic  may 
be  found  in  several  existing  survey  papers,  notably  the 
one  by  (ireen  (Ref.  5).  The  early  work  on  swept 
interactions  was  surveyed,  along  with  other  shock 
interference  flows,  by  Korkegi  (Ref.  f>)  and  more 
recently  by  Peake  and  Tobak  (Ref  Other 

pertinent  reviews  include  those  of  Dclery  and  Marvin 
(Ref.  8)  and  Stollery  (Ref.  9). 

3J  Initial  .\ssumptions 

It  should  be  helpful  at  the  I'Uisct  to  identity  some 
underlying  characteristics,  assumptions.  and 
hypotheses  concerning  swept  interaction-.  For 
example,  it  is  traditionally  assumed  that  these 
interactions  depend  primarily  upon  the  frccslrcam 
Mach  number,  the  eharaeteristics  of  the  incoming 
bivundary  layer,  and  the  shock  generator  geometry 
(Ref.  5).  However,  these  dependencies  cannot  be 
determined  by  any  closed-form  solution  of  the 
giwcrning  equations  of  motion  on  account  of  the  flow 
complexity.  Experiments,  similarity  and  dimensional 
rea.soning,  and  (within  the  last  10  years) 
computational  simulations  have  thus  played  a  key  role- 
in  the  .study  of  swept  interactions.  The  computations, 
dealt  with  elsewhere  in  this  report  by  D.  D,  Knight, 
have  recently  reached  the  level  at  which  they  can 
contribute  to  the  fundamental  understanding  oi  swept 
interactions  in  ways  not  readily  amenable  to 
experiments.  The  experiments  also  now  serve  the  role 
of  providing  benchmarks  for  the  validation  of  (he 
computations.  To  this  end  a  .shock/boundary-layer 
interaction  database  (Refs.  10  &  11)  is  available. 

In  the  interaction  structure  there  is  a  hierarchy  of 
information  that  is  also  present  in  the  exi.sting 
experimental  data:  Swept  interactions  are  rich  in 
patterns,  and  the  most  easily  obtained  and  most 
prevalent  data  are  those  of  interaction  "footprint" 
patterns  on  solid  surfaces  obtained  by  way  of  surface 
flow  visualization  methods.  Mean  surface  pressure 
distributions  were  also  taken  in  most  of  t  he  past 
experiments,  and  a  few  experimeuts  also  included  wall 
shear  stress  and  heat  transfer  data.  Dolling  et  al  have 
specialized  in  unsteady  surface  pressure  measurements 
in  these  flows.  Off  the  surface,  flowfield  visualization 
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techniques  and  probe  surveys  of  mean  pitot  pressures 
and  flow  angles  have  helped  to  map  flowfield 
structures  and  to  provide  a  conr  ction  with  the 
footprint  data.  The  highest  level  of  the  measurement 
hierarchy  includes  dynamic  data  via  hot-wire,  LDV, 
and  other  quantitative  methods.  Very  few  of  such 
measurements  have  been  made  in  3-D  shock 
boundary-layer  interactions. 

Much  of  the  content  of  this  paper  derives  from  a 
parametric  exploratory  approach  to  the  swept 
interaction  problem .  Since  the  problem  is  complex,  it 
is  a  necessary  first  step  to  explore  the  range  of 
possible  flows  by  parametric  studies.  Only  then  can 
detailed  investigations  of  particular  interactions  be 
interrelated  in  an  overall  framework  of  understanding. 
However,  insofar  as  these  interactions  are  only 
partially  deterministic  due  to  their  dependence  upon 
turbulent  transport  phenomena,  the  parametric 
exploratory  approach  is  not  expected  to  lead  to 
compleie  understanding.  Indeed,  most  of  the 
knowledge  gained  thus  far  is  directly  related  to  the 
extent  to  which  swept  interactions  depend  upon 
inviscid  phenomena. 


Fig.  2  -  Spherical  Polar  Coordinate  System. 


An  essential  first  step  in  understanding  swept 
interactions  is  the  choice  of  a  proper  coordinate 
system.  Experience  dictates  that  it  is  easy  to  go  astray 
with  this  problem  if  a  poor  choice  is  made.  Many  of 
the  past  swept  interaction  studies  have  revealed  some 
degree  of  either  quasiconical  or  quasicylindrical  flow 
symmetry.  In  principle,  spherical  polar  coordinates  are 
required  for  the  former  (see  Fig.  2)  and 
normal-tangential  coordinates  for  the  latter,  although 
experimental  data  are  sometimes  available  only  in  a 
streamwise-spanwise  coordinate  frame.  In  practice  it 
is  often  reasonable  to  make  the  approximation  of  an 
orthogonal  normal-tangential  frame  attached  to  the 
interaction  sweepline,  which  is  usually  the  "footprint 
trace"  or  projection  of  the  outer  ("inviscid")  shock 
wave  upon  the  interaction  test  surface.  Following  the 
tradition  of  both  swept  and  unswept  interaction 
studies,  this  footprint  trace  of  the  inviscid  shock  is 
taken  as  the  proper  reference  line  from  which  to 


measure  the  interaction  extent.  Due  to  the  limited 
scope  of  the  present  paper,  discussed  above,  the 
spherical  polar  coordinate  frame  of  Fig.  2  turns  out  to 
be  the  only  one  presently  required.  Its  application  to 
sharp  fin  interactions  will  be  discussed  in  detail  below. 

Next,  a  firm  connection  is  assumed  between  the  swept 
interaction  footprint  topography  and  the  features  of 
the  flowfield  above  the  surface.  This  hypothesis  is 
suppoii,d  by  recent  experimental  results  to  be 
described  in  the  section  on  flowfield  structure,  and  by 
the  application  of  topology  to  the  surface  flow 
patterns  (Ref.  12).  Moreover,  the  topological  rules 
(Ref.  12)  governing  these  flow  patterns  are  recognized 
as  important  aids  to  the  understanding  of  swept 
interactions. 

Finally,  this  paper  considers  only  the  mean- flow 
behavior  of  swept  interactions.  It  appears  that  all 
interactions  of  shock  waves  with  turbulent 
boundary-layers  involve  some  degree  of  unsteadine.ss, 
typically  manifested  as  a  "trembling"  motion  observed 
in  flowfield  visualizations.  However,  there  is  no 
indication  that  such  unsteadine.ss  is  the  coitrolling 
phenomenon  in  any  overall  sense.  A  definite, 
identifiable  mean-flow  structure  is  found  in  all 
interaction  cases  considered  here.  It  is  thus  assumed 
that  the  preponderance  of  mean-flow  data  on  swept 
interactions  is  useful  and  pertinent  despite  the 
presence  of  unsteadiness. 

3.4  Interaction  Classifications 

A  brief  overview  of  the  different  types  of  swept 
interactions  is  called  for  at  the  out.set.  Swept 
interactions  will  be  discussed  in  terms  of  the 
classifications  shown  in  Fig.  3  (from  Ref.  1),  which 
result  from  elementary  dimensional  analysis.  In  all 
cases  the  incoming  flow  provides  a  single  length  scale 
associated  with  the  boundary-layer  (here  taken  as  the 
incoming  thickness  Sq  fo''  simplicity).  When  the 
overall  dimensions  of  the  shock  generator  are  large 
enough  that  further  increases  in  these  dimensions  do 
not  change  the  interaction  properties,  the  resulting 
interactions  are  classified  as  "semi-infinite."  Further, 
cases  within  this  cla.ssification  in  which  the  shock 
generator  imposes  no  length  dimension  on  the 
interaction  are  termed  "dimensionless."  In  such 
"dimensionless"  interactions  it  may  be  expected  from 
elementary  dimensional  analysis  that  the  flow  will 
respond  to  the  imposed  incoming  boundary-layer 
length  scale  with  a  single  balancing  length  scale  of  its 
own  (later  to  be  identified  as  the  interaction  inception 
length). 

However,  if  a  .semi-infinite  shock  generator  does 
impose  upon  the  interaction  a  length  dimension 
comparable  to  (such  as  a  fin  leading-edge  thickness 
D  or  a  step  height  H),  the  resulting  interaction  is  then 
termed  "dimensional."  Here,  D/Sj  or  H/6(,  is 
expected  to  characterize  the  flow  in  the  immediate 


vicinity  of  the  imposed  length  dimension.  Such 
interactions  are  discussed  in  Ref.  1  but  are  beyond  the 
scope  of  the  present  paper. 


Fig.  3  -  Interaction  Classifications. 


Finally,  cases  in  which  the  shock  generator  fails  to 
produce  a  semi-infinite  interaction  as  defined  above 
are  termed  non-semi-infinite  or  "protuberance” 
interactions.  These  cases  typically  involve  shock 
generators  whose  overall  dimensions  are  comparable 
to  Sq.  Protuberance  interactions  are  also  discussed  in 
Ref.  1  and  are  also  beyond  the  scope  of  the  present 
paper. 

3.5  Goals 

Taking  the  sharp  fin  interaction  as  an  archetype  of 
swept  interactions  in  general,  the  present  paper  has 
three  goals; 

1 )  Survey  the  current  knowledge  of  the  scaling  laws 
which  govern  the  shape,  size,  and  behavior  of 
the"footprint"  of  a  swept  interactions  in  terms  c 
Moo  ’ 

2)  Examine  in  detail  the  interaction  flow- 
field  structure  which  is  responsible  for 
the  observed  footprint  behavior,  and 

3)  Describe  the  experimental  methods,  both 
modern  and  time-honored,  which  have  been 
applied  to  learn  much  of  what  is  now  known 
about  swept  interactions. 


4.  SCALING  LAWS 

The  unswept  sharp  fin  interaction  of  Figs.  1-3  is,  at 
least  in  the  inviscid  sense,  the  simplest  of  all  swept 
interactions.  This  simplicity  derives  from  the  fact  that 
the  properties  of  the  shock  wave  prior  to  its  interac¬ 
tion  with  the  boundary- layer  (the  "inviscid  snock")  are 
known  immediately  from  classical  oblique-shock 
theory.  As  we  will  see,  the  swept  interaction  necessar¬ 
ily  leads  to  fundamental  changes  of  structure  in  both 
the  shock  wave  and  the  boundary-layer,  whereupon 
the  flow  may  no  longer  be  regarded  as  "simple." 

As  in  all  flows  where  direct  solutions  of  the  governing 
equations  are  not  possible,  dimensional  and  similarity 
methods  are  powerful  tools  in  understanding  swept 
interactions.  For  dimensionless  sharp-fin  interactions 
only  a  single  parameter,  a,  is  required  to  describe  the 
shock  generator.  The  other  parameters  of  the  prob¬ 
lem  are  entirely  concerned  with  the  incoming  flow, 
and  include  Re,  and  Sq.  All  are  dimensionless 
parameters  except  Sq,  which  is  the  only  length  dimen¬ 
sion  in  the  boundary  conditions  of  the  problem.  Thus, 
as  mentioned  earlier,  the  interaction  is  expected  to 
respond  to  65  by  way  of  some  characteristic  length, 
but  otherwise  to  be  entirely  dimensionless. 

Thus,  despite  the  nonlinearity  of  the  governing  equa¬ 
tions  and  a  host  of  related  complications,  there  is 
nonetheless  hope  frorti  the  outset  of  achieving  some 
overall  similarity  framework  for  the  behavior  of  swept 
interactions.  That  framework  is  the  subject  this 
section  of  the  paper,  where  the  mean-flow  symmetry 
and  footprint  structure  of  the  interaction  are  explored 
and  the  influence  of  Re,  a,  and  Sq  are  examined. 

4.1  Quasiconical  Symmetry 

All  previous  investigators  of  sharp  fin  interactions 
have  found  that  the  extent  of  the  interaction  grows 
with  distance  away  from  the  fin  leading  edge.  Many 
of  these  investigators  (eg  Refs.  13-23)  further  ob¬ 
served  that  this  growth  appeared  to  be  conical,  or 
nearly  so,  except  for  an  initial  region  in  the  immediate 
vicinity  of  the  juncture  of  the  fin  leading-edge  and  the 
flat  plate.  This  observation  is  confirmed  by  recent 
parametric  studies  (Refs.  24-28)  of  sharp  fin  interac¬ 
tions  over  broad  ranges  of  both  Mach  number  and  fin 
angle.  It  is  now  clear  that  the  salient  characteristic  of 
this  interaction  is  its  quasiconical  nature. 

The  dimensional  description  given  earlier  describes 
this  class  of  swept  interactions  as  having  no  length 
dimension  except  for  one  characteristic  length  which 
arises  in  response  to  the  initial  condition  imposed  by 
5(|.  Let  this  length  be  called  L„  the  inception  length 
measured  outward  from  the  fin  leading-edge  along  the 
shock  wave  direction,  which  encompasses  the  observed 
initial  nonconical  region  of  the  interaction  (see  Fig.  4). 
Thus  LJSo  is  a  natural  nondimensional  parameter 
describing  the  class  of  interactions  under  study. 


The  supersonic  or  hypersonic  potential  flow  outside 
the  interaction  is  well-known  to  exhibit  conical  behav¬ 
ior  (Ref.  29),  wherein  the  veliKily  vector  is  constant 
along  rays  emanating  from  a  common  origin,  the 
conical  vertex.  Further,  after  Lighthill  (Ref.  30)  such 
a  conical  field  will  occur  "in  any  flow  where  the 
boundary  conditions  define  naturally  no  linear  dimen¬ 
sion."  The  present  flow,  outside  the  inception  /one,  is 
very  close  to  satisfying  this  condition  except  for  the 
issue  of  the  non-conical  growth  of  the  incoming 
boundary-layer  with  spanwise  distance  along  the 
interaction  sweep  line. 


Fig.  4  -  Sketch  of  Sharp  Fin  Interaction  Footprint  with 
Nomenclature  Definitions. 

An  important  contribution  by  Inger  (Ref.  31)  largely 
resolved  this  problem  through  an  order-of-magnitude 
analysis  of  the  governing  equations.  Inger  found  that 
a  swept  interaction  can  approach  a  quasiconical  state 
at  a  large  distance  from  the  fin  leading-edge.  This 
distance,  in  fact,  turns  out  to  be  the  inception  length, 
L„  and  how  large  it  is  depends  upon  Inger  also 
found  that  L,/5o  =;  cot/9o.  agreement  with  experi¬ 
mental  data  for  sharp  fin  interactions.  While  some 
effect  of  the  spanwise  boundary-layer  growth  is 
probably  present,  it  is  a  second-order  effect  compared 
to  the  overall  quasiconical  nature  of  the  flow  (Ref. 
32). 

The  quasiconical  symmetry  of  this  class  of  swept 
interactions  is  now  regarded  as  the  most  powerful 
simplification  available  in  a  problem  of  otherwise 
daunting  complexity.  As  we  will  see,  it  allows  a  3-D 
flow  to  be  treated,  in  many  respects,  as  if  it  were  two- 


dimensional.  Much  is  already  known  about  the 
behavior  of  conical  2-D  flows,  which  are  thoroughly 
reviewed,  for  example,  in  Ref.  33.  Briefly,  the  proper 
coordinate  frame  for  a  conical  flow  is  the  spherical 
polar  coordinate  system  in  r,  0,  and  <p,  sketched  in 
Fig.  2.  Since  r  is  degenerate  in  true  conical  flow,  the 
interaction  outside  the  inception  /one  is  described 
entirely  in  angular  measure  by  0  and  Streamlines 
and  other  features  of  the  flow  may  be  seen  in  two 
dimensions  by  projection  from  the  vertex  of  the 
conical  flow  onto  the  surface  of  the  sphere.  Since 
experience  has  shown  that  such  projections  of  swept 
interactions  normally  subtend  small  solid  angles,  the 
replacement  of  the  appropriate  spherical  segment  with 
a  plane  tangent  to  the  sphere  and  normal  to  the 
inviscid  shock  wave  is  a  frequent  simplification.  The 
pertinent  Mach  number  describing  the  interaction  is 
the  component  of  M^^  in  this  plane,  namely  M„,  rather 
than  M,j^  itself. 

This  coordinate  frame  is  adopted  uniformly  in  the 
following  discussion.  Other  than  L,  and  6^,  all  "di¬ 
mensions"  of  swept  interactions  are  discussed  only  in 
angular  measure.  While  it  may  be  tempting  to  define 
length  dimensions  associated  with,  say,  the  upstream 
influence  of  the  interaction,  experience  shows  this  to 
be  highly  misleading.  For  example,  early  investigators 
of  this  flow  remarked  upon  the  streamwise  length  of 
the  interaction  compared  to  that  of  a  2-D  planar 
interaction  of  similar  shock  strength.  However,  in  the 
present  context  of  quasiconical  flow  this  comparison 
is  meaningless,  since  the  streamwise  length  of  the 
interaction  can  be  as  large  or  small  as  one  wishes, 
depending  upon  the  distance,  r,  which  one  takes  from 
the  coniced  vertex. 
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As  a  demonstration  of  the  conical  nature  of  sharp-fin 
interactions,  surface-pressure  data  from  a  Mach  .1 
interaction  by  Zubin  and  Ostapenko  (Ref.  16)  are 
shown  in  Fig.  5.  These  data  were  measured  on  two 
concentric  circular  arcs  on  a  flat  plate  at  different 
radii,  r,  from  the  vertex  of  the  flow.  Both  measure¬ 
ment  arcs  were  outside  the  inception  zone.  The  data 
show  excellent  agreement  when  the  pressure  ratio  is 
plotted  in  terms  of  the  conical  angle  /3.  Such  agree¬ 
ment  cannot  be  had,  however,  if  the  linear  dimension 
describing  the  pressure-tap  layout  is  used  as  the 
abscissa  of  the  plot. 

Finally,  note  that  quasiconical  interaction  symmetry  is 
an  approximate  framework  of  understanding  rather 
than  a  precise  law.  It  breaks  down  near  the  fin 
leading  edge  in  the  inception  zone,  and  also  along  the 
intersection  of  the  fin  and  the  flat  plate  (which  cannot 
lie  on  a  generating  ray  of  the  conical  flow).  It  is 
subject  to  the  second-order  3-n  influence  of  the  span- 
wise  growth  of  5(1,  mentioned  earlier.  It  is  a  mean- 
flow  framework  for  the  description  of  interactions 
which  are  known  to  have  some  time-dependent 
characteristics.  In  extremely  weak  interactions  (Refs. 
34  and  35)  the  conical  spreading  of  the  flow  may  be 
so  small  as  to  be  undetectable.  In  extremely  strong 
interactions  the  approximation  may  once  again  break 
down,  though  experimental  limitations  prevent  such  a 
case  from  being  observed.  Between  these  two  limits, 
and  subject  to  the  qualifications  listed,  all  known 
dimensionless  fin  interactions  exhibit  quasiconical 
symmetry. 

4,2  Boundary-Layer  Separation 
All  shock/boundary-layer  interactions,  whether  2-D  or 
3-D,  involve  the  separation  of  the  boundary-layer 
when  the  shock  wave  is  of  sufficient  strength  to  bring 
this  about.  Despite  some  controversy  over  the  seman¬ 
tics  of  the  word  "separation,"  the  literature  cited  thus 
far  leaves  no  room  for  doubt  that  it  is  a  distinct  and 
recognizable  phenomenon  in  swept  interactions.  Due 
to  the  nature  of  such  flows,  when  separation  does 
occurs  it  is  necessarily  three-dimensional  and  highly 
swept  with  respect  to  the  oncoming  flow. 

A  proper  treatment  of  the  topological  criteria  for  3-D 
flow  separation  is  well  beyond  the  present  scope.  The 
reader  is  directed  to  Ref.  12  for  a  thorough  coverage 
of  this  topic.  Briefly,  the  present  discussion  accepts 
the  Legendre-Lighthill  view  of  3-D  separation  as  the 
convergence  of  limiting  streamlines  of  the  flow  upon 
a  particular  (swept)  streamline  which  connects  singu¬ 
lar  points  of  separation  located,  in  this  case,  some¬ 
where  on  the  flat  plate.  The  exact  nature  of  these 
singular  points  is  a  secondary  issue  for  present  pur¬ 
poses.  What  is  important  is  the  observation  (eg  Ref. 
26)  that  the  noticeable  effects  of  separation  develop 
gradually  in  sharp  fin  interactions,  and  that  occurrence 
of  separation  is  clearly  a  function  of  Mach  number 
and  shock  wave  strength. 


'=■'<?.  6  Stages  in  the  Development  of  the  Interaction 
rov  .j'rint  (per  Zheltovodov  et  at.). 

Fig.  6,  from  Ref.  26,  shows  8  stages  in  the  develop¬ 
ment  of  the  limiting  streamlines  of  the  interaction 
footprint  on  the  flat  plate  as  a  function  of  increasing 
shock  wave  strength.  Such  patterns  are  obtained  by 
surface-flow  visualization  techniques,  and  will  be 
discussed  further  in  later  sections.  For  the  moment, 
one  sees  in  Fig.  6a  the  case  of  a  weak,  unseparated 
interaction  in  which  the  limiting  streamlines  veer 
underneath  the  inviscid  shock  wave  but  do  not  form  a 
convergence  line.  With  increasing  shock  strength,  Fig. 
6b,  the  separation  line  moves  outward  and  eventually 
lies  underneath  the  inviscid  shock,  with  limiting 
streamlines  on  either  side  running  essentially  parallel 
to  it.  (Stanbrook  (Ref.  36)  defined  this  condition 
rather  arbitrarily  as  incipient  swept  separation  of  the 
boundary  layer.)  A  further  increase  of  shock  strength. 
Fig.  6c,  leads  to  asymptotic  convergence  of  the  limit¬ 
ing  streamlines  upon  the  line  of  3-D  separation. 
Finally,  in  Fig.  6d,  a  sufficiently-strong  shock  produces 
an  explicit  convergence  line,  S„  which  lies  well  out¬ 
board  of  the  inviscid  shock  position. 

This  gradual  development  of  the  flow  points  out  the 
disparity  between  the  strict  topological  definition  of 
3-D  separation,  for  which  the  present  flow  is  always 
separated  (Ref.  37),  and  more  practical  definitions 
which  find  no  evidence  of  lift-off  of  the  boundary-layer 
from  the  flat  plate  until  the  condition  in  Fig.  6d  is 
reached.  Should  there  be  any  doubt  on  this  point, 
Fig.  7  shows  the  kerosene-lampblack  footprint  trace  of 
a  weak  fin  interaction  (Mach  2,  a  =  6°),  in  which  the 
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primary  separation  line  lies  well  inside  the  zone 
bounded  by  the  fin  and  the  inviscid  shock.  (This 
pattern  was  obtained  by  placing  surface-tracer  materi¬ 
al  on  the  flat  plate  only  upstream  of  the  fin  prior  to 
the  experiment.)  Since  a  line  of  3-D  separation  is 
clearly  present  in  Fig.  7,  Stanbrook’s  criterion  (Ref. 
36)  must  be  strictly  incorrect.  It  serves,  nonetheless, 
to  indicate  the  approximate  condition  where  sizable  or 
significant  3-D  separation  occurs,  insofar  as  effects  on 
the  outer  flowfield  are  concerned.  More  will  be  said 
about  this  below. 


Fig,  7  -  Footprint  Trace  of  a  Weak  Separated  Fin 
Interaction. 


Based  on  arguments  put  forward  by  McCabe,  (Ref. 
38)  Korkegi  (Refs.  39  and  40)  proposed  a  practical 
criterion  for  incipient  swept  separation  in  the  form: 

W.a,  =  0.3  (1) 

for  Mgg  >1.6  and  T  =  1.4,  where  a,  is  measured  in 
radians.  Lu  (Ref.  41)  recently  re-derived  this  result 
Oi  omewhat  firmer  ground.  As  the  most  well-known 
and  popular  criterion  for  incipient  swept  separation, 
Eqn.  (1)  is  illustrated  here  in  Fig.  8.  It  corresponds 
to  the  flew  condition  shown  in  Fig.  6b  and  determines 
the  condition  in  which  the  limiting  streamlines  run 
parallel  to  the  inviscid  shock  wave,  not  true  incipient 
separation,  as  was  already  mentioned  in  connection 
with  Fig.  7  (see  also  Refs.  21,  37,  and  42). 

It  may  be  seen  from  Fig.  8  that  the  practical  condition 
of  incipient  swept  separation  not  only  occurs  for 
weaker  shocks  than  does  incipient  2-D  separation  at 
the  same  M^^,,  but  also  happens  even  more  readily  as 
M^  increases.  Early  on,  the  lack  of  a  physical  expla¬ 
nation  for  this  was  the  .source  of  some  consternation 
and  disbelief.  However,  the  physical  explanation  is 
not  difficult  to  understand  if  one  accepts  that  it  n.akes 
no  sense  to  compare  2-D  and  3-D  separation  at  the 
same  value  of  Mg^.  According  to  the  above  quasi- 
conical  symmetry  discussion,  it  is  the  normal  Mach 
number,  M„,  which  is  significant  in  determining  the 
properties  of  a  swept  interaction,  rather  than  M(„. 


Fig.  8  -  Incipient  Separation  Criterion  for  Sharp-Fin 
Interactions. 

When  compared  on  this  basis,  2-D  and  swept  incipient 
separation  criteria  are  in  close  a-jri-ement.  For 
example,  in  broad  terms,  incipient  turbulent  boundary 
layer  separation  is  found  at  normal  Mach  numbers 
between  1.2  and  1.3  in  a  wide  variety  of  swept  and 
unswept  shock/boundary- layer  interactions  (Refs.  26, 
41,  and  43).  The  corresponding  inviscid- shock  pres¬ 
sure  ratios,  (pj/Pi)„  in  air  are  between  1.5  and  1.8. 
Thus  the  seeming  anomaly  of  incipient  separation 
becoming  more  likely  with  increasing  Mach  number  is 
explainable  in  terms  of  the  higher  sweepback  angle  of 
the  shock  wave.  No  discrepancy  between  2-D  and 
swept  separation  criteria  occurs,  so  long  as  one  pays 
attention  to  the  proper  coordinate  frame. 

The  recent  work  of  Zheltovodov  et  al.  (Refs.  26  and 
43)  has  developed  this  approach  considerably.  In 
re-working  the  classical  free-interaction  analysis  of 
Chapman  et  al.  (Ref.  44),  they  obtained  the  following 
expression  for  the  "plateau”  pressure  in  a  separated 
interaction; 

P,-P.-  -  1)-VV^V2  .  j  (2) 


where  7  =  1.4  is  assumed,  K  =  5.94  for  turbulent 
and  1.46  for  laminar  flows,  and  Mn,  is  the  Mach 
number  normal  to  the  separation  line.  This  expres¬ 
sion  was  verified  by  comparison  with  experimental 
data  for  2-D  turbulent  interactions.  It  embodies  the 
pressure-rise  required  to  produce  incipient  separation, 
if  one  accepts  this  to  be  equal  to  the  plateau  pressure 
rise  of  a  well-separated  interaction.  When  combined 
with  the  classical  expression  for  oblique-shock  pres¬ 
sure  ratio  in  terms  of  M„,  Eqn.  2  can  be  used  to 
predict  incipient  swept  separation  as  well. 
Zheltovodov  et  al.  found  the  result  to  be  in  good 
agreement  with  the  data  for  what  they  call  incipient 
"small  r  Je"  separation,  ie  the  condition  represented 
by  Fig.  Ob  where  surface  streamlines  run  parallel  to 


the  shock  but  noticeable  lift-off  of  the  boundary-layer 
from  the  flat  plate  has  yet  to  develop. 

These  authors  then  proposed  an  additional,  new 
criterion  for  incipient  "large-scale"  separation.  Plots 
of  the  angle  between  the  upstream-influence  and 
primary  separation  lines  of  the  interaction  show  that 
it  decreases  with  increasing  interaction  strength, 
eventually  tending  toward  a  constant  value.  Once  this 
constancy  occurs,  it  is  argued  that  the  interaction  has 
reached  a  condition  (Fig.  6d)  where  the  swept  separa¬ 
tion  is  fully  developed  and  where  its  gross  effects  are 
clearly  manifested  in  the  interaction  flowfleld. 

Finally,  Zheltovodov  et  al.  used  the  above  quasi-2-D 
free-interaction  analysis  to  demonstrate  that  (pa/pi), 
tends  to  decrease  from  1.7  to  1.5  as  RCf  increases 
from  lO*  to  5xl0,‘  as  illustrated  in  Fig.  9.  Variations 
in  the  shape  parameter  of  the  incoming  boundary- 
layers  in  the  experimental  data  points  shown  (num¬ 
bered  symbols  4-9)  further  required  that  K  in  Eqn.  2 
be  varied  over  the  range  5.9  to  9.4,  producing  the 
band  shown  in  the  Figure.  This  view  of  incipient 
separation  is  clearly  an  improvement  over  Eqn.  1, 
Korkegi’s  criterion,  which  embodies  the  simple 
implicit  assumption  that  (Pi/Pi),  =  1.5,  and  thus 
ignores  the  Reynolds  number  and  shape  factor  depen¬ 
dence  inherent  in  the  characteristics  of  the  incoming 
boundary  layer.  Korkegi’s  criterion  is  also  shown  in 
Fig.  >  for  comparison. 
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Fig.  9  -  Indpient  Separation  Criteria  vs.  Re#  (per 
Zheltovodov  et  al.). 

43  The  Interaction  Footprint 

43.1  Limiting  Streamline  Pattern 
Returning  to  Fig.  4,  the  "footprint”  of  a 
generated  swept  interaction,  ie  its  pattern  of  limiting 
streamlines  on  the  flat  plate,  is  illustrated  with  deflni- 
tions  of  nomenclature.  Four  important  features  are 
identified  by  their  conical  angles;  the  upstream  influ¬ 
ence  line  U,  the  primary  separation  line  S„  the 
primary  attachment  line  A„  and  the  secondary  separa¬ 
tion  line  Sj.  The  upstream  influence  line,  being  the 
forwardmost  extent  of  the  interaction,  has  been  the 


subject  of  various  attempts  to  relate  the  response  of 
the  interaction  footprint  to  changes  in  Mach  number, 
Reynolds  number,  and  fin  angle  (Refs.  1,  15,  17-22, 
26,  27,  34,  45,  and  46).  Similar  but  more  limited 
attempts  have  been  made  to  correlate  the  positions  of 
the  primary  separation  and  attachment  lines.  Primary 
attachment,  which  first  appears  in  the  shock-strength 
progression  in  Fig.  6d,  marks  the  position  where  the 
flow,  having  left  the  surface  of  the  flat  plate  at  the 
primary  separation  line,  reattaches  to  the  plate 
(though  the  stream-surface  which  separates  is  not  the 
one  which  reattaches).  Between  these  two  lines  lies 
a  region  of  reverse  flow  in  the  conical  projection, 
^dlich  also  has  a  strong  spanwise  (r-direction)  compo¬ 
nent.  This  leads  to  a  helical  separation  vortex.  One 
may  view  this  vortex  as  a  reorganization  of  the  span- 
wise  vorticity  of  the  incoming  boundary  layer.  Zhelto¬ 
vodov  et  al.  (Ref.  26)  noted  an  inflection  in  the 
primary  separation  line  which  they  ascribed  to  transi¬ 
tion  from  laminar  to  turbulent  reverse-flow  within  the 
separated  region. 

The  angular  difference  -  ^$1  between  the  upstream 
influence  and  primary  separation  lines  is  sizable  for 
weak  interactions,  but  shrinks  quickly  to  a  small  value 
as  the  interaction  grows  stronger.  The  achievement  of 
this  asymptotic  value  (Refs.  26  and  43)  has  been  used 
as  an  indicator  of  incipient  "large-scale"  flow  separa¬ 
tion,  as  noted  earlier.  In  fact,  the  region  between 
these  two  defining  lines  of  the  interaction  has  been 
found  to  be  highly  unsteady.  Since  the  current 
discussion  concerns  only  mean-flow  properties,  this 
unsteadiness  is  covered  elsewhere  in  this  report  by  D. 
S.  Dolling. 

If  the  definition  of  primary  separation  has  caused 
some  past  confusion,  eis  noted  earlier,  this  is  doubly 
the  case  for  secondary  separation.  According  to 
Zheltovodov  et  al.  (Refs.  18, 26),  the  footprint  feature 
known  as  secondary  separation  first  appears  once  the 
interaction  has  achieved  a  certain  strength  (Fig.  6d), 
showing  up  in  the  conical  region  of  the  flow  but  not 
in  the  inception  zone.  Its  spanwise  extent  grows  with 
increasing  shock  strength  (Fig.  6e)  but  then  diminishes 
again  (Fig.  6f),  eventually  appearing  only  in  the 
inception  zone  and  then  disappearing  altogether  (Fig. 
6g).  Secondary  separation  then  reappears  in  the 
strongest  interactions  observed  to  date  (Fig.  6h),  but 
in  a  diffcient  posi'ion,  noticeably  closer  to  the  fin  than 
previously.  Zheltovodov  et  al.  were  the  first  to 
observe  this  behavior,  and  have  invested  considerable 
effort  m  trying  to  understand  it.  Their  experiments 
with  sand-grain  roughness  applied  to  the  interaction 
region  appear  to  demonstrate  that  the  initial  behavior 
of  secondary  separation  is  related  to  laminar,  transi¬ 
tional,  and  then  turbulent  reverse-flow  in  the  swept 
separation  bubble.  They  also  ascribe  the  re¬ 
appearance  of  secondary  separation  (Fig.  6h)  to  the 
development  of  supersonic  reverse  flow  in  the  separat- 
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ed  region  with  an  imbedded  normal  shock  wave.  This 
was  first  reported  by  Zubin  and  Ostapenko  (Ref.  16), 
though  no  clear  image  of  it  was  shown.  Very  clear 
images  confirming  this  hypothesis  have  recently  been 
obtained  by  Alvi  and  Settles  (Refs.  16  and  47). 

Another,  even  more  serious,  problem  with  secondary 
separation  is  that  it  usually  appears  without  the  visible 
accompaniment  of  secondary  attachment!  This 
topologically-impossible  situation  is  probably  due  to  a 
very  small  angle  between  secondary  separation  and 
attachment,  such  that  they  appear  as  a  single  feature. 
Zheltovodov  (Ref.  48)  has  obtained  evidence  of  both 
secondary  separation  and  attachment  in  an  extremely- 
strong  fin-induced  turbulent  boundary-layer  interaction 
at  Mach  4  and  a  =  30.6°.  The  surface  flow  pattern  of 
this  interaction,  shown  in  Fig.  10,  was  traced  directly 
from  an  enlargement  of  an  oil-flow  photograph 
provided  by  Zheltovodov,  since  the  photo  itself  would 
not  be  likely  to  reproduce  well  enough  to  show  the 
features  described.  Nonetheless,  distinct  secondary 
separation  and  secondary  attachment  lines  are  clearly 
visible  with  an  angle  of  1  or  2  degrees  between  them. 
This  evidence  confirms,  in  the  opinion  of  the  present 
author,  that  secondary  separation  actually  can  occur  in 
this  class  of  interactions,  given  the  proper  circum¬ 
stances.  A  local  maximum  appears  at  this  secondary 
separation/attachment  location  in  measured  skin- 
friction  distributions  (Refs.  49  and  50).  A  local 
flowfield  disturbance  also  appears  in  the  vicinity  of 
this  location  in  conical  shadowgrams  and  interfero- 
grams  of  the  flowfield  (Refs.  24,  25,  and  47). 


Fig.  10  -  Tracing  of  Surface  Pattern  of  Zheltovodov’s 
Mach  4,  a  =  30.6°  Interaction. 


Fig.  4  illustrates  how  the  conical  lines  of  the  interac¬ 
tion  footprint  all  emanate  from  a  common  vertex,  the 
virtual  conical  origin  or  VCO.  This  origin,  which  is 
the  center  of  the  spherical  coordinate  frame  shown  in 
Fig.  2,  lies  somewhat  ahead  of  the  actual  fin  leading- 
edge  due  to  the  presence  of  the  inception  region, 
which  is  also  indicated  in  Fig.  4  by  its  length,  L,. 

Zheltovodov  e/  al.  (Ref.  26)  proposed  correlations  for 
the  conical  angles  of  upstream  influence  and 
primary  separation  /9,,  in  terms  of  the  inviscid  shock 
angle  /Jq-  Incipient  "smal'.-scale"  separation,  as  defined 
in  the  previous  section  (Fig.  9),  is  used  as  a  basis  for 
these  correlations,  and  is  denoted  by  an  asterisk.  The 
correlations  are; 

-  K'  -  -  Po*)  (3) 

K  -  Pu’  -  2-*5(Po  -  Po*)  -  OOl-WfPo  -  Po*)"  W 

one  confusing  factor  is  that  two  forms  of  the 
correlation  were  given,  one  for  laminar  and  the 
second  for  turbulent  reverse-flow.  Since  it  may  not  be 
easy  to  determine  which  form  to  use,  it  is  suggested 
here  that  supersonic  interactions  with  freestream  unit 
Reynolds  numbers  on  the  order  of  lO’/m  or  higher 
use  only  the  turbulent  form,  which  is  the  one  given 
above  as  Eqn.  4.  The  correlations  of  Eqns.  3  and  4 
are  based  upon  many  experimental  points  obtained  at 
Novosibirsk  in  the  Mach  2-4  range.  However,  Schmis- 
seur  (Ref.  51)  also  compared  them  with  his  data, 
obtained  at  Mach  5,  and  found  good  agreement. 

4J2  Surface  Pressure  Distribution 
Many  investigators  have  measured  the  surface  pres¬ 
sure  beneath  the  footprint  of  the  interaction.  Its 
classical  shape,  measured  in  the  proper  crossflow 
coordinate  frame  for  a  well-separated  interaction,  was 
already  shown  in  Fig.  5.  The  peak  pressure,  just 
ahead  of  the  fin,  is  of  interest  because  it  overshoots 
the  maximum  pressure,  Pj,  expected  behind  the 
inmeid  shock  wave.  Several  attempts  have  been  made 
to  derive  expressions  for  the  peak  pressure  ratio, 
Ppk/Poo-  example,  according  to  Hayes  (Ref.  52): 

PpilP.  =  (5) 

Scuderi  (Ref.  53),  Zheltovodov  (Ref.  18),  and  Lu 
(Ref.  27)  proposed  similar  expressions.  Most  recently, 
Lu  (Ref.  54)  has  reexamined  this  issue  in  the  light  of 
current  knowledge,  to  be  discussed  below,  about  the 
detailed  structure  of  the  fin  interaction  flowfield.  He 
arrived  at  a  physically  more  meaningful,  though  less 
explicit,  approach  to  predicting  Ppjp^o-  Hb  summary 
graph  is  reproduced  here  as  Fig.  11,  which  shows  a 
comparison  of  available  data  and  prediction  methods 
for  this  quantity. 


1-11 


^  Hoyes  (1977) 

»  Zubin  &  Ostapenko  ( 1 979) 
0  Low  (1975) 

•  Oskom  (1976) 

o  Neumonn  Sc  Burke  (1969) 

•  Holden  (1984) 


Fig.  11  -  Interaction  Peak  Pressure  Ratio  vs.  Normal 
Mach  Number  (per  Lu). 

Zheltovodov  et  al.  (Ref.  55)  ako  proposed  a  new 
expression  for  the  peak  pressure  ratio  based  on  their 
quasi'2-0  free  interaction  analysis: 

PfJP.  =  1.302/p,)  -  O-^Oa/Pi)/  (6) 

They  developed  a  method  to  predict  not  only  p^*,  but 
also  the  entire  shape  of  the  interaction-footprint 
pressure  distribution. 

43 J  Heat  Transfer  Distribution 
The  peak  heat  transfer  rate  in  the  interaction  footprint 
occurs  at  the  same  location  as  Pp^,  and  is  often  linked 
to  it  by  simple  calculation  schemes.  For  example, 
Holden  (Ref  13)  correlated  the  results  of  several 
swept-interaction  heat  transfer  experiments  with: 

=  (PptlPf-*^  (7) 

While  such  expressions  lack  a  fundamental  basis,  they 
are  of  practical  importance  in  predicting  high  aero- 
thermal  loading  due  to  interacting  flows  on  high-speed 
flight  vehicles.  One  difficulty  lies  in  the  fact  that  the 
knowledge  of  peak  heat  transfer  can  be  no  better  than 
that  of  the  peak  pressure  in  an  expression  such  as 
Eqn.  7.  A  somewhat  more  fundamental  peak  heating 
correlation  was  developed  by  Neumann  and  Hayes 
(Ref  56),  which  gives  the  peak  heating  as  a  function 
of  both  normal  Mach  number  M„  and  position  x/S 
downstream  of  the  leading-edge  of  the  fin.  The  initial 
variation  of  heat  transfer  near  the  fin  leading  edge  is 
now  easy  to  recognize  as  a  3-D  effect  of  the  growth  of 
the  interaction  inside  its  inception  zone.  The  work  of 
Neumatm  and  Hayes  was  done  before  the  quasiconical 


nature  of  the  fin  interaction  was  gener  Ally  recognized, 
so  they  cannot  be  faulted  for  overlooking  this. 

In  light  of  the  present  knowledge  of  quasiconical 
interaction  symmetry,  Lee  et  al.  (Ref  57)  assumed 
that  c„  asymptotes  to  a  constant  value  along  a  conical 
ray  outside  the  interaction  inception  zone,  as  was 
shown  experimentally  by  Rodi  and  Dolling  (Ref  58). 
This  enabled  them  to  propose  a  much-simpler  data 
correlation  in  terms  of  Cp^c^oo  vs.  Mp  only.  This  cor¬ 
relation  is  demonstrated  m  the  graph  of  Fig.  12.  The 
data  of  Lee  (Refs.  57  and  59)  are  shown  by  solid 
symbols,  while  ither  available  data  (cited  by  Lee  et 
al.  in  Ref  57)  are  shown  by  open  symbols.  Taken 
together,  these  data  approximately  describe  a  linear 
relationship  within  their  overall  scatter.  The  equation 
of  the  line  shown  in  Fig.  12  is: 

C*  /Cp  =  3.7  W. -2.7  (8) 

This  relationship  was  proposed  by  Lee  et  al.  as  a 
simple  empirical  guide  for  peak  heating  in  sharp-fin- 
generated  interactions  with  turbulent  boundary  layers 
outboard  of  the  inception  zone  near  the  fin  lead¬ 
ing  edge.  No  such  simple  relationship  is  possible 
inside  the  inception  zone. 


Fig.  12  -  Interaction  Peak  Heating  Correlation  (per 
Lee  et  al.). 

The  data  shown  in  Fig.  12,  from  which  Eqn.  8  is 
derived,  were  chosen  from  the  available  literature 
because  their  accuracy  is  reasonably  documented  and 
because  it  can  be  demonstrated  that  they  were  ob¬ 
tained  outside  the  interaction  inception  zone.  Heat 
transfer  data  at  hypersonic  freesueam  Mach  numbers 
are  available  (eg  Refs.  60  and  61),  but  are  not  includ¬ 
ed  in  Fig.  12  ^cause,  unfortunately,  this  latter  condi¬ 
tion  cannot  be  satisfied.  The  reason  for  this  appears 
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to  be  that  very  high  Reynolds  numbers,  and  conse¬ 
quently  long  distances  downstream  of  a  flat-plate 
leading  edge,  are  generally  required  to  produce  an 
equilibrium  turbulent  boundary-layer  in  hypersonic 
wind  tunnel  testing.  For  this  reason  such  a  boundary- 
layer  tends  to  be  comparatively  thick  at  the  location  of 
the  swept  interaction,  which  naturally  leads  to  a  large 
inception  zone  (see  the  next  section).  The  dimension¬ 
al  limits  of  the  hypersonic  test  models  used  so  far 
have  thus  precluded  the  taking  of  data  outside  the 
inception  zone. 

43.4  Skin  Friction  Distribution 
Finally,  the  skin  friction  distribution  in  the  interaction 
footprint  is  of  similar  interest.  Until  recently,  no 
suitable  instrument  was  available  to  make  such 
measurements  accurately.  The  development  of  the 
Laser  Interferometer  Skin  Friction  (LISF)  meter  (eg. 
Ref.  4d)  is  discussed  later  in  this  paper.  For  the 
present,  only  the  results  of  this  instrument  are  pre¬ 
sented. 

LISF  skin  friction  measurements  have  thus  far  been 
made  in  both  supersonic  (Ref.  50)  and  hypersonic 
(Ref.  61)  turbulent  fin  interactions.  The  inherent 
quasiconical  symmetry  of  these  flows  has  been  taken 
advantage  ot  ui  order  to  limit  the  number  of  measure¬ 
ment  points  and  to  present  the  results  conveniently  in 
terms  of  the  angle  An  example  from  Ref.  50  is 
shown  in  Fig.  13. 


Fig.  13  -  Skin  Friction  Coefficient  vs.  for  Mach  4, 
a  =  16°  Interaction. 


This  Figure  shows  that  the  skin  friction  rises 
dramatically  from  its  incoming  level  to  a  peak  at  the 
rear  of  the  interaction,  near  the  fin.  It  thus  behaves 
in  much  the  same  way  as  do  the  surface  pressure  and 
heat  transfer.  For  the  moderately-strong  interaction 
case  shown,  the  peak  skin  friction  is  about  six  times 
the  incoming  flat-plate  value.  A  small  discontinuity  in 
c,  is  also  seen  near  the  secondary-separation  line. 

Results  of  several  computational  simulations  of  this 
flow  were  also  presented  in  Ref.  50.  A  discussion  of 
such  computations  is  given  elsewhere  in  this  report  by 


D.  D.  Knight.  It  should  be  noted  here,  notwithstand¬ 
ing,  that  no  serious  discrepancy  between  measured 
and  computed  peak  c,  values  occurs  in  such 
comparisons.  In  Ref.  50  a  stronger  interaction  case 
(Mach  4,  a  -  20°)  was  shown,  in  which  the 
computations  appeared  to  underpredict  the  data  by 
50%.  This  led  the  authors  to  conclude  that  the  com¬ 
putations  failed  systematically  as  the  interaction 
strength  increased.  This  conclusion  was  an  unfortu¬ 
nate  one,  as  it  has  since  been  learned  (Ref.  62)  that  it 
was  the  measurements,  not  the  computations,  which 
were  in  error  in  this  instance.  In  fact,  reasonable 
agreement  ol  skin  friction  data  and  CFD  prediction 
occurs  irrespective  of  interaction  strength. 

4.4  Reynolds  Number  Effects 

As  it  happens,  the  effect  of  Reynolds  number  on 
swept  interactions  in  general  is  simpler  than  was  first 
imagined.  According  to  the  dimensional  argument 
given  earlier,  only  the  mception  length  lo  quasiconical 
flow  will  be  affected  by  Reynolds  number  (provided, 
of  course  that  Re  is  high  enough  to  ensure  that  the 
interaction  remains  fully  turbulent).  Early  concerns 
about  the  fact  that  6  varies  along  the  swept 
interaction  line  were  essentially  unfounded  to  first 
order,  as  demonstrated  by  both  the  swept-leading- 
edge-plate  experiments  of  Dolling  et  al.  (RcT.  63)  and 
computations  by  Knight  (Ref.  64).  Apparently  only 
the  freestream  Reynolds  number  and  the  incoming 
boundary-layer  thickness  at  the  fin  leading-edge 
location  are  involved  in  the  dimensional  interplay 
which  establishes  L„  beyond  which  the  interaction 
becomes  purely  conical.  Newcomers  are  cautioned 
that  normalizing  any  linear  dimension  that  one  may 
arbitrarily  define  in  the  conical- flow  region  of  the 
interaction  by  the  local  incoming  boundary-layer 
thickness  is  not  only  incorrect  according  to  present 
understanding,  but  also  highly  misleading. 

The  original  Reynolds  number  scaling  law  (Refs.  1 .  . 
45,  and  46)  for  the  upstream  influence  of  general 
swept  interactions  at  Mach  3  was  given  in  terms  of 
nondimensional  lengths  tangential  and  normal  to  the 
swept  shock  as; 

(9) 

or 

(10) 

This  general  rule  is  compatible  with  all  quasiconical 
sharp  fin  interactions,  though  it  may  appe2U  somewhat 
clumsy.  However,  since  the  sharp-fin  interactions 
under  present  consideration  have  no  other 
characteristic  length  dimension,  Eqns.  9  and  10  apply 
only  to  the  inception  length.  Further,  since  the  scaling 


is  applied  uniformly  in  two  orthogonal 
directions  in  the  interaction  footprint,  it  amounts  to  a 
simple  scale  transformation.  That  is,  the  dimensional 
scale  of  the  footprint  expands  or  shrinks  without 
geometric  (Ustortioi  Jae  to  changes  in  the  values  of  Re 
and  d.  Since  it  is  intuitively  obvious  that  conical  flows 
are  invariant  to  a  scale  transformation  (see,  eg.  Ref. 
65; ,  we  see  once  again  that  only  the  inception  length 
can  be  affected  by  such  changes  in  the  values  of  Re 
and  5.  Thus  Eqns.  9  &  10  simplify  to: 


oe 


(11) 


for  the  special  case  of  sharp  fin  interactions. 

Examining  Eqn.  11,  we  see  that  small  dimensional 
inception  lengths  will  result  when  the  Reynolds 
number  is  high  and  the  initial  boundary-layer  is  thin. 
Similarly,  flows  with  thick  boundary- layers  at 
comparatively-low  Reynolds  numbers  can  require 
rather  large  dimensional  distances  outboard  of  the  fin 
leading-edge  to  achieve  conical  symmetry.  This 
simple  distinction  has  been  widely  misunderstood, 
resulting  in  confusion  over  whether  or  not  a  particular 
experiment  or  computation  extended  far  enough 
outboard  to  reach  beyond  the  inception  zone  into  the 
region  of  conical  flow  symmetry.  So,  for  purposes  of 
illustration,  a  classic  example  adapted  from  Oskam  et 
at.  (Ref.  66)  is  reproduced  here  in  Fig.  14.  The 
experiment  by  Token  (Ref.  67),  though  performed 
with  an  enormous  l-meter-long  fin,  remains  firmly 
imbedded  in  the  inception  zone  near  the  fin  leading 
edge!  The  experiments  of  O.skam  and  Zheltovodov 
(Ref.s.  66  and  26),  while  carried  out  in  much  smaller 
test  facilities  with  smaller  physical  models,  nonethele.ss 
covered  a  far  broader  region  of  the  interaction 
footprint  in  nondimensional  terms. 


Fig.  14  -  Plot  of  Dimensionless  Interaction  Footprint 
Shoving  Measurement  Zones  of  Various  Studies. 


The  same  Reynold.s-nunibcr  scaling  philosophy  has 
been  shown  to  be  effective  for  the  flow  field  features 
of  sharp  fin  interactions  (Ref.  68)  and  other  swept 
interactions,  as  well  as  for  their  fciotprints,  Eqns.  9-11 
were  even  applied  successfully  to  a  laminar  interaction 
(Ref.  20),  though  with  a  different  (negative)  value  of 
the  scaling  exponent.  Recent  work  (Ref.  69)  further 
reveals  that  the  empirical  1/3  exponent  for  turbulent 
interactions  in  Eqns.  9-11  is  essentially  constant  within 
the  Mach  number  range  of  2.5  to  4.0,  so  long  as 
equilibrium  flat-plate  boundary  layers  are  solely 
considered.  Inger  (Ref.  70)  has  noted  that  this 
exponent  is  expected  to  vary  if  significant  variations  in 
the  wake-strength  parameter  of  the  incoming 
boundary  layer  occur. 
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Fig.  15  -  Inception  Length  Scaling  in  Terms  of  Inviscid 
Shock  Angle. 

Finally,  the  detailed  behavior  of  the  inception  iengih 
in  sharp  fin  interactions  in  the  Mach  number  range 
2.5  <  Mqp  <  4.0  was  examined  by  Lu  and  Settles 
(Ref.  71),  and  was  found  to  be  primarily  a 
function  of  the  shock  angle,  when  Re^  - 
constant.  (This  is  compatible  with  Eqn.  11, 
.since  M„,  and  are  intimately  related.)  As 
illustrated  in  Fig.  15,  for  strong  interactions  (large  0o) 
the  inception  length  almost  vanishes,  producing  an 
interaction  with  nearly  complete  conical  flow 
everywhere.  Since  L,  describes  an  asymptotic  change 
from  a  curved  to  a  straight  line  of  upstream  influence, 
major  differences  in  its  level  have  been  reported  due 
to  differences  in  the  philosophy  of  data  analysis  of 
various  investigators  (or  even  co-authors  of  a  single 
work).  Ref.  71  also  gives  data  on  the  loeation,  relative 
to  the  fin  leading-edge,  of  the  virtual  conical  origin 
(see  Fig.  4).  Note  that  Fig.  15  should  not  be  expected 
to  hold  outside  its  Mach  number  ramge  of  validity. 

4J  Mach  Number  Effects  and  Interaction  Strength 
Per  the  discussion  of  conical  symmetry,  M„  is  the  first 
order  strength  parameter  of  swept  interactions  which 
combines  the  effects  of  both  Mq^,  and  a.  Either  an 
increase  of  M^q  at  fixed  a  or  of  a  at  fixed  Mg,, 
produces  a  stronger  shock  and  thus  a  stronger 
interaction,  since  M„  grows  larger  in  both  cases. 
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Fig.  16  -  Scaling  of  Reduced  Upstream  Influence  with 
Inviscid  Shock  Angle  (per  Lu  et  al.) 

Unfortunately,  few  systematic  interaction  experiments 
have  been  performed  with  variable  Mach  number,  due 
primarily  to  wind-tunnel  nozzle  limitations.  Prior  to 
the  last  decade  or  so,  most  of  the  available  data  were 
at  Mach  3  only.  However,  two  significant  variable 
Mach  number  supersonic  datasets  have  recently 
become  available,  one  from  ITPM-  Novosibirsk  (Refs. 
15,  18,  26,  43,  and  55)  and  the  other  from  the  Penn 
State  Gas  Dynamics  Lab  (Refs.  21,  27,  34  and  47). 

Lu,  Settles,  and  Horstman  (Ref.  34)  examined  the 
relative  behavior  of  the  inviscid  shock  wave  and  the 
upstream  influence  line  over  the  range  2.5  < 
Mgo  <  4.0,  and  found  that  the  Mach  number 
effect  could  be  most  simply  accounted  for  by 
referencing  both  and  fio  to  the  freeslream 
Mach  angle,  ,  and  then  observing  their  behavior 
with  respect  to  the  fin  angle-of-attack.  This 
demonstrated  clearly  that  upstream  influence  cannot 
vary  linearly  with  shock  angle,  though  such  a  linear 
relationship  had  been  assumed  in  previous  studies  due 
to  insufficient  data. 

Fig.  16  shows  the  accumulated  data  of  Ref.  34  in 
terms  of  a  reduced  upstream  influence  parameter, 
-  ifiv  •  /*oo)>  plotted  vs.  the  reduced  shock 
strength  parameter  =  (ySp  -  A  least-squares 
curvefit  through  the  data  yields  the  following  relation¬ 
ship 

Apy  =  2.2Apo  -  0.027Apo=  (12) 

Though  based  on  data  in  the  Mach  2.5  to  4.0  range, 
this  relationship  has  been  compared  with  Mach  5 
sharp-fin  data  by  Schmisseur  (Ref.  51).  He  found  that 
it  underpredicted  bis  data  somewhat,  while  the 
upstream-influence  correlation  of  Zheltovodov  et  al. 
(Eqn.  3)  did  a  better  job.  The  latter  correlation 
covers  a  similar  Mach  and  Reynolds-number  range  as 
in  Ref.  34,  but  extends  to  significantly  higher  values  of 
a  lie  stronger  interactions). 


Once  a  nonlinear  growth  rate  of  upstream  influence 
with  inviscid-shock  angle  is  accepted,  the  paradox  of 
very  weak  interactions  with  large  upstream  influence 
angles  (Ref.  17)  is  immediately  removed.  Instead,  the 
upstream  influence  angle  is  seen  to  grow  regularly, 
though  nonlinearly,  from  a  value  of  zero  at  zero  shock 
strength  in  Fig.  16.  In  this  immediate  vicinity,  howev¬ 
er,  there  now  exists  the  possibility  of  a  linearized 
solution  for  weak  interactions,  where  experimental 
data  are  sparse.  This  initial  linear  growth  rate  of  the 
uiteraction  is  indicated  in  Fig.  16 

Ref.  34  also  confirmed  Morkovin’s  hypothesis  (Refs. 
72  and  73)  over  the  Mach  number  range  investigated: 
The  effects  observed  were  entirely  due  to  inviscid 
constraints  imposed  by  the  outer  stream,  with  no 
noticeable  effect  of  compressibility  on  the  turbulent 
nature  of  the  interaction  up  to  at  least  Mach  4. 

4,6  Conical  Similarity  Law 

A  parametric  study  of  24  different  swept-  and  un- 
swept-leading-wugc  fin  iuteractions  at  Mach  3  was 
carried  out  by  Settles  and  Lu  (Ref.  21).  The  analysis 
of  these  results  showed  that  the  conical  footprint 
angles  of  the  entire  set  of  interactions  depended  only 
on  the  angle,  of  the  inviscid  shock  wave  irrespec¬ 
tive  of  either  a  or  the  leading-edge  sweepback  angle. 
This  simple  similarity  of  interactions  due  to 
geometrically-dissimilar  shock  generators  was  unique 
at  the  time,  and  was  dubbed  "conical  similarity."  It 
has  since  been  extended  to  other  geometries,  including 
semicones  and  swept  compression  corners  (Ref.  1). 
The  principle  of  conical  similarity  allows  the  scaling 
laws  discussed  in  this  paper  for  the  archetypical  sharp- 
fin  interaction  to  be  applied  to  a  broader  context  of 
quasiconical  swept  interactions. 

Zheltovodov  et  al.  (Refs.  26  and  55)  and  Stollery  et 
al.  (Ref.  74)  have  recently  done  extensive  experiments 
with  swept-leading-edge  fins,  achieving  similar  results. 
All  such  investigations  require  knowledge  of  the  angle 
at  which  the  inviscid  shock  intersects  the  fiat  plate, 
since  this  is  the  reference  line  for  the  entire 
interaction.  These  shock  angles  are  not  known  a 
priori  for  swept-leading-edge  fins,  and  were  measured 
in  each  of  the  above  studies  by  way  of  delta-wing 
models  mounted  in  the  frecstream  flow. 

5.0  FLOWFIELD  STRUCTURE 
Early  models  of  the  off-the-surface  flowfield  structure 
of  sharp  fin  interactions,  eg  Refs.  15  and  66,  identified 
some  salient  features  such  as  the  bifurcation  of  the 
inviscid  shock  into  a  ".^-foot"  and  the  development  of 
a  helical  separation  vortex.  However,  the  lack  of 
optical  flowfield  visualization  in  such  highly-swept 
flows  was  sorely  missed,  and  the  flowfield  models 
were  crude  and  incomplete.  Zubin  and  Ostapenko 
carried  out  the  first  conical  shadowgraphy  experiments 
in  fin  interactions,  but  their  results  were  only  briefly 


reported  in  the  open  literature  (Ref.  16),  and  only 
became  available  in  the  West  in  complete  form  (Ref. 
75)  within  the  last  3  years.  Recently,  extensive  optical 
studies  have  been  carried  out  at  Penn  State  (Refs.  24, 
25,  47,  76,  and  77)  using  conical  shadowgraphy, 
conical  holographic  interferometry,  and  planar  laser 
scattering  (PLS)  techniques.  These  studies  have 
produced  a  very  clear  view  of  the  detailed  flowfield 
structure. 


Fig.  17  -  Projection  of  Quasiconical  Interaction 
Flowfield  onto  Spherical  Polar  Coordinate  Surface. 

To  avoid  confusion,  a  3-D  sketch  of  the  conical 
flowfield  projection  onto  the  spherical  coordinate 
surface  is  shown  in  Fig.  17.  This  view,  of  course,  is 
normal  to  the  conical  rays  of  the  interaction,  and  may 
be  seen  as  a  closeup  view  of  the  interaction  in  the 
coordinate  frame  shown  earlier  in  Fig.  2.  If  the 
conical  projection  is  peeled  from  the  sphere  and 
pressed  flat,  one  obtains  the  current  model  of  the 
flowfield  structure.  In  such  a  case  the  Mach  number 
normal  to  the  inviscid  shock,  for  example,  will  be  the 
normal  component  M„  which  is  tangent  to  the  sphere. 
Although  the  direction  of  M„  is  left-to-right  in  Fig.  17, 
all  succeeding  pictures  of  the  interaction  structure  will 
be  rendered  with  the  flow  in  a  right-to-left  orientation. 

Figs.  18-20  show  a  conical  shadowgram,  a  conical 
holographic  interferogram  and  a  PLS  image, 
respectively,  of  the  detailed  flowfield  structure  typical 
of  a  separated  sharp-fin  interaction  (from  Refs.  24, 25, 
and  47).  Fig.  18  depicts  the  Mach  3,  a  =  20° 
interaction  while  Figs.  19  and  20  depict  the  Mach  3, 
Or  =  16°  case.  The  techniques  used  to  obtain  these 
images  are  described  in  later  sections  of  this  paper. 
For  comparison  purposes,  Fig.  21  presents  the  Mach 
3,  a  =  16°  physical  flowfield  model  in  (^,d) 
coordinates  from  Ref.  47. 

The  inviscid  shock  is  seen  to  bifurcate  mto  a  *A-foot* 
in  Figs.  18-21.  The  forward  leg  of  the  A,  known  as  the 


Fig.  18  -  Conical  Shadowgram  of  Mach  3,  Q  =  20° 
Interaction  Structure. 


Fig.  19  -  Conical  Holographic  Interferogram  of  Mach 
3,  o  =  16°  Interaction  Structure. 


Rg.  20  -  Planar  Laser  Scattering  (PLS)  Image  of 
Mach  3,  a  =  16°  Interaction  Structure. 


separation  shock,  causes  the  separation  of  the 
incoming  turbulent  boundary  layer  at  the  primary 
separation  line,  S,  (indicated  in  Fig.  21).  The 
separated  free  shear  layer  is  deflected  away  from  the 
flat  plate  by  the  separation  shock,  then  back  toward  it 
by  the  rear  leg  of  the  A-shock.  The  separated  free 
shear  layer  then  rolls  up  into  a  tight  vortex,  the  core 
of  which  is  clearly  seen  in  Fig.  19  and  indicated  in  Rg. 
21.  Note  that  the  entire  incoming  boundary-layer  is 
separated  from  the  flat  plate  and  rolled  up  in  this 
vortex,  a  fa^  which  has  strong  implications  for  the 
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performance  of  high-speed  inlets  with  such 
interactions  occurring  on  their  sidewalls. 


Fig.  21  -  Mach  3,  a  =  16°  Flowfield  Map  and  Surface 
Distributions  (per  Alvi  &  Settles). 

Aft  of  the  separation  bubble  in  Figs.  18-21,  the  flow  is 
observed  to  impinge  upon  the  flat  plate,  forming  the 
line  of  attachment  A„  where  some  flow  is  directed 
back  upstream  in  the  normal  plane.  This  reverse-flow 
then  encounters  secondary  separation  at  S^  as 
indicated  in  Fig.  21. 

Beneath  the  flowfield  map  of  Fig.  21,  the 
corresponding  surface  distributions  of  static  pressure 
and  skin  friction  are  plotted  to  the  same  ^- 
scale.  These  distributions  show  a  gradual  rise  from  the 
freestream  values  of  c,  and  p/p<„  in  the  forward  part 
of  the  interaction,  followed  by  a  rapid  climb  to  peak 
values  to  the  rear.  For  even  stronger  interactions 
(Fig.  13  and  Ref.  47),  the  surface  properties  display 
a  long,  gentle  rise  leading  up  to  a  rapid  climb  to  a 
strong  pieak  near  primary  flow  attachment.  These 
features  become  even  more  exaggerated  at  hypersonic 
freestream  Mach  numbers  (Refs.  60  and  61). 

What  is  really  new  in  the  flowfield  images  and  model 
of  Figs.  18-21  is  the  fate  of  the  streamtube  of  outer, 
inviscid  flow  subtended  by  the  separation  shock  below 
its  triple-point  intersection  with  the  main  shock  wave. 
This  streamtube  is  also  deflected  upward  by  the 
separation  shock,  then  downward  by  the  rear 
lambda-foot  shock.  Having  no  place  else  to  go,  the 
streamtube  curves  downward  and  impinges  directly 
upon  the  flat  plate,  as  seen  unequivocally  in  Fig.  20. 
This  is  accomplished,  since  the  nature  of  the  flow  is 


hyperbolic,  by  reflected  Prandll- Meyer  expan^i^)ll  and 
compression  fans.  The  appearance  of  this  impinging 
streamtube  is  strongly  reminiscent  of  a  cursed  high¬ 
speed  jet,  and  is  henceforth  referred  to  as  the 
"impinging-jet”  phenomenon,  (iiven  the  reduction  in 
Mach  number  through  the  two  oblique  shocks  of  the 
lambda-foot,  starting  from  an  initial  value  of  the 
local  Mach  number  in  this  jet  is  transonic  in  the 
normal  plane  for  the  supersonic- freest  ream  inter¬ 
actions  under  scrutiny. 

The  structure  of  this  jet  impingement  is  highly 
reminiscent  of  that  produced  by  an  Edney  (Ref.  78) 
type-lV  leading-edge  shiKk  impingement.  Lipon 
comparison,  the  shtK'k  bifurcation  and  jet 
impingement  of  the  two  interactions  arc  observed  to 
be  closely  similar  (Ref  79).  The  reasisn  foi  the  peak 
heating,  pressure,  and  skin  friction  in  the  rear  part  of 
the  fin  interaction  is  now  clear;  Edney-iype  jet 
impingement  is  known  to  prixiuce  peak  heating  rates 
which  can  be  at  least  an  order  of  magnitude  above 
normal.  The  swept-interaction  surface-pressure  peak 
discussed  earlier  (see  Figs.  5  and  21)  is  therefi>re 
actually  imposed  upon  the  flat-plate  surface  by  the 
outer  flow  structure.  High  peak  fluctuating-pressure 
loads  up  to  160  dB  have  al.so  been  measured  near  the 
attachment-line  of  the.se  interactions  (Ref  HD). 

In  the  reverse-flow  direction,  the  strong  favorable 
pressure  gradient  ahead  of  the  wall-pressure  peak 
beneath  the  impinging  jet  accelerates  the  reverse-flow 
forward.  For  sufficient  interaction  strengths,  this 
reverse  flow  goes  locally  supersonic  and  then  "shocks 
down,"  generating  a  small  internal  normal-shcKk  (see 
Ref  24  for  illustration)  and  producing  the  aft-located 
secondary-.separation  first  described  by  Zheltovodov 
(Ref  18).  Al.so,  for  sufficient  interaction  strengths,  the 
impinging-jet  itself  becomes  sufficiently  supersonic 
that  an  interna!  normal  shock  wave  is  seen  before  the 
jet  impinges  on  the  plate  (Refs.  24  and  47). 

Using  M„  and  P2/P1  as  interaction  strength 
parameters,  as  described  earlier,  the  test  matrix  of  the 
optical  flowfield  investigations  of  Alvi  and  Settles 
(Refs,  24  and  47)  is  shown  in  Fig.  22.  The  curve 
shown  is  simply  that  of  the  pre.ssure  ratio  across  an 
oblique  sh(Kk,  but  the  points  indicate  the  relative 
strengths  of  the  six  distinct  interactions  studied,  which 
span  the  range  from  weak  (le  barely  separated)  to 
very  strong.  Four  flow-regime  boundaries  are  also 
indicated  in  Fig.  22,  corresponding  to  incipient 
primary  and  secondary  separation,  the  appearance  of 
a  normal  shock  in  the  impinging  jet,  and  the  onset  of 
a  supersonic  region  in  the  reversed-flow  bubble. 

The  flowfield  features  of  Figs.  18  and  19  line  up  so 
well  under  properly-aligned  conical  optical  probing  (a 
technique  to  be  described  later  in  this  paper)  that 
there  can  be  little  doubt  about  the  almost-perfcct 


conicity  of  strong  sharp-fin  interactions  outside  the 
inception  zone.  In  support  of  this  assertion,  Fig.  23 
shows  excellent  agreement  in  spherical  polar 
coordinates  between  the  Mach  4,  a  =  20°  flow- 
field  structure  derived  from  two  Planar  Laser 
Scattering  "cuts"  separated  by  33  mm  of  conical  ray 
length.  Both  cuts  were  taken  outside  the  inception 
zone  and  the  VCO  location  was  21  mm  ahead  of  the 
fin  leading  edge  in  this  example. 
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Fig.  22  -  Interaction  Test  Matrix  of  Alvi  and  Settles. 
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Fig.  23  -  Overlay  of  PLS  Cuts  at  Different  Locations. 

A  significant  conclusion  of  the  Penn  State  optical 
studies  of  sharp-fin  interactions  reviewed  here  (Refs. 
24,  25,  47,  76,  and  77)  is  that  the  interaction  structure 
(te  lambda-foot,  vortical  separation,  and  impinging 
jet)  develops  very  rapidly  once  the  shock  strength  for 
incipient  boundary-layer  separation  has  been 
exceeded.  On  the  other  hand,  once  these  features  are 
present,  further  increases  in  shock  strength  cause  only 
second-order  structural  changes  in  the  flowfield,  such 
as  those  discussed  in  relation  to  Fig.  22.  Strong 
interactions  tend  to  have  very  long  regions  of 
comparatively  gradual  flow  changes  from  the 
separation  line  up  to  the  insiscid  shock.  The  rear 
shock  and  impinging  jet,  being  'cramped*  into  tight 


quarters  near  the  fin-plate  intersection  in  high-Mach- 
number  interactions,  then  lead  lo  a  spectacular  peak 
in  pressure,  wall  shear,  and  heat  transfer  at  the  rear 
of  the  interaction.  Such  an  example  is  shown  in  Fig. 
24  (from  Ref.  60),  though  it  should  be  noted  that  this 
hypersonic  interaction  is  atypical  of  those  shown  thus 
far,  since  the  entire  lambda-foot  structure  is 
embedded  within  the  boundary  layer. 
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Fig.  24  -  Pitot -Pressure  Contours  for  Mach 

8.2,  a  =  15°  Interaction  (per  Kussoy  e/  a/.) 


Fig.  25  -  Conical  Holographic  fnterferogram  of  Mach 
2.35,  Of  =  7°  Interaction  Structure. 


Conical  holographic-interferometry  visualizations 
(Refs.  25  and  76)  have  also  revealed  the  flowfield 
structure  in  weak  interaction  cases,  as  illustrated  here 
in  Figs.  25  and  26.  Fig.  25  shows  a  case  below  the 
incipient  separation  limit  whose  flowfield  structure  is 
almost  featureless,  there  is  some  gradual  compression 
prior  to  the  inviscid  shuck  meeting  the  boundary  layer, 
but  the  overall  effect  upon  the  latter  seems  minimal. 
Slightly  beyond  incipient  separation.  Fig.  26,  the 
lambda-foot  is  clearly  seen  but  the  core  of  the 
separation  vortex,  'uriously,  is  located  well  aft  of  the 
rear  lambda-foot  shock.  In  such  a  case  the  impinging 
jet  structure  is  quite  long  and  approaches  the  flat 
plate  at  a  shallow  angle.  For  somewhat  stronger 
interactions.  Figs.  18-21,  the  archetypical  separated- 
interaction  structure,  discussed  earlier,  is  observed. 
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Fig.  26  -  Conical  Holographic  Interferogram  of  Mach 
3,  a  =  10°  Interaction  Structure. 


Fig.  27  -  Flowfield  Density  Map  of  Mach  3,  a  =  16° 
Interaction. 

Quantitative  flowfield  density  maps  were  extracted 
(Ref.  76)  from  conical  holographic  interferograms 
such  as  those  just  shown.  An  example  is  reproduced 
here  as  Fig.  27,  corresponding  to  the  interferogram 
shown  previously  in  Fig.  19  for  the  Mach  3, 16  degree 
interaction.  These  results  are  believed  to  be  the  first 
quantitative,  non-intrusive  flowfield  data  ever  obtained 
in  a  swept  shock/boundary-layer  interaction.  The 
highest  density  level  in  the  flowfield  occurs  at  the  jet- 
impingement  location  in  Fig.  27.  In  contrast,  the  core 
of  the  separation  vortex,  consisting  of  "warm"  air 
originally  from  the  boundary  layer,  is  a  zone  of 
comparatively  low  density. 

Comparisons  of  these  flowfield  data  with  compu¬ 
tational  Navier  -Stokes  solutions  have  been  made,  eg, 
in  Refs.  28  and  81.  The  details  of  such  comparisons 
are  discussed  by  D.D.  Knight  elsewhere  in  this  report. 

Finally,  Alvi  (Ref.  82)  examined  the  quantitative 
growth  of  the  flowfield  structure  with  shock  strength 
for  turbulent  interactions  at  Mach  3  and  4.  He  found 


that  the  separation  shock  wave  angle  for  ad 
uiteractions  studied  at  Mach  3  and  4  corresponds  to 
a  flow-deflection  angle  between  8  and  12  degrees,  as 
predicted  by  "free  interaction"  theory  (Refs.  26,  83, 
and  84).  This  fact  contributes  to  the  rapid  lateral 
spread  of  the  interaction  y'ructure  with  increasing 
Mach  number,  since  the  separation-shock  angle  grows 
smaller.  The  angular  height  of  the  lambda-foot  triple- 
shock  intersection  point,  was  then  found  by  Alvi 
to  be  related  to  M„  and  the  freestream  Mach  angle 
by. 


♦tt./!*-  =  -0.17  +  0.3(W,  (13) 

However,  the  lateral  angular  extent  of  the  interaction 
failed  to  correlate  simply  in  terms  of  M„.  This  is 
because,  Alvi  found,  the  aft  section  of  the  interaction, 
between  the  triple-point  and  the  fin,  is  quite  sensitive 
to  the  fin  proximity.  By  dividing  the  lateral  spread  of 
the  interaction  into  two  segments  (A^j  and  , 
shown  in  Fig.  28),  he  was  able  to  show  that  this  aft 
segment,  characterized  by  A/?,  ,  scales  according  to: 

Ap,/(Po-a)  -  -0.6  *  0.63W,  -  0.12Af,^  (%) 


f 

Fig.  28  -  Flowfield  Diagram  Defining  A;3,  2md  AySj . 

In  contrast,  the  forward  segment  of  the  interaction 
structure,  characterized  by  A/S^ ,  scales  purely  with  M„ 
according  to: 


APj  -  -23.1  +  26.QW,  -  AAM^  (15) 

When  thus  considered  in  a  "piecemeal"  or  zonal 
fashion,  the  scaling  of  the  interaction  structure  with 
Mach  number  and  fin  angle  becomes  clear.  The 
reader  should  note  that  M„  has  been  taken  as  a  first- 
order  indicator  of  interaction  strength  in  this  paper, 
and  is  the  principal  independent  variable  in  Eqns.  13- 
15  as  well.  However,  Eqn.  14  clearly  shows  that  the 
interaction  has  a  residual  dependence  upon  a  as  well 
as  upon  M„ ,  so  that  the  use  of  M„  alone  as  a  scaling 
parameter  for  interaction  strength  is  an  over- 


1-19 


simplification.  The  reader  should  also  note  that  Eqns. 
13-15  are  not  necessarily  expected  to  apply  outside  the 
range  of  Alvi’s  (Ref.  82)  experiments,  upon  which  they 
are  based. 

6.0  EXPERIMENTAL  METHODS 

6.1  WaU  Pressure  Measurements 

Of  all  measurements  in  shock/boundary-layer  inter¬ 
actions,  mean  wall  static  pressure  measurements  are 
the  most  straightforward.  Traditionally,  miniature 
pressure  taps  consisting  of  holes  drilled  normal  to  the 
test  surface  are  used  to  sense  the  mean  wall  static 
pressure.  According  to  Prandtl’s  boundary-layer  ap¬ 
proximation  of  the  y-momentu  a  equation,  static 
pressure  is  propagated  without  change  across  a  thin 
viscous  layer  at  a  wall.  The  technique  is  used  in 
practice  even  when  the  boundary- layer  is  separated,  in 
which  case  it  is  the  near-wall  static  pressure  of  the 
separation  bubble  which  is  being  sensed.  Examples  of 
such  surface  pressure  distributions  in  swept  mter- 
acMons  have  already  been  shown  in  Figs.  5  and  21. 

The  pressure  taps  in  the  test  surface  are  connected  by 
tubing  to  individual  pressure  transducers  or,  more 
often,  to  a  single  transducer  by  way  of  a  rotating 
pressure  scanner  such  as  the  Scanivalve.™  A  typical 
Scanivalv'  '  .^tallation  can  sense  48  pressure  taps  in  a 
few  seconds,  making  it  suitable  for  intermittent  as  well 
as  continuous  wind  tunnel  testing.  Electronic  pressure 
scanners  have  also  become  available  recently. 
Pressure  measurements  are  both  time-honored  and 
central  to  high-speed  wind  tuimel  technique.  They  are 
only  mentioned  here,  the  reader  being  referred  to  a 
text  such  as  Pope  and  Goin  (Ref.  85)  for  more  detail. 

The  measurement  of  time-dependent  wall  pressures  by 
way  of  miniature  piezoelectric  transducers  is  outside 
the  scope  of  the  present  paper,  and  is  covered 
elsewhere  in  this  report  in  the  paper  by  Dolling.  One 
should  also  bear  in  mind  that  the  mean-pressure 
measuring  method  just  described  produces  an  ill- 
defined  response  when  the  pressure  tap  lies  beneath 
a  bimodal  phenomenon  such  as  an  intermittent 
separation  region.  Excellent  examples  of  this  are 
given  in  the  paper  by  Dolling. 

6.2  Surface  Flow  Visualization 

One  of  the  simplest  but  most  useful  of  all  fiow 
visualization  methods  is  that  of  surface  streakiine 
tracing  using  liquid  indicators  (Refs.  86  and  87).  At 
one  time  a  mixture  of  fluorescent  dye  and  machine  oil 
was  so  commonly  used  for  this  purpose  that  the  entire 
class  of  surface-flow  visualization  techniques  came  to 
be  referred  to  by  the  term  "oil  flow."  Today,  however, 
this  class  of  techniques  comprises  a  wide  variety  of 
carrier  fluids  and  pigments. 

While  generally  effective,  the  oil-flow  technique 
nonetheless  suffers  drawbacks  under  certain  testing 


conditions.  For  example,  an  oil  film  often  remains 
wet  throughout  a  wind  tunnel  test  and  then  smears 
upon  tunnel  shutdown.  One  must  consequently 
photograph  the  oil-flow  pattern  during  the  test 
through  available  tunnel  windows,  which  often 
introduces  optical  distortion  and  resolution  loss. 
Further,  a  buildup  of  oil  occurs  at  flow  separation 
lines  which  can  produce  anomalous  patterns  due  to 
competing  wall  shear  and  pressure-gradient-induced 
buoyancy  forces  (Ref.  83,  Appendix). 

Thus  a  particular  dry-transfer  technique  has  evolved 
for  the  visualization  and  measurement  of  surface 
streaklines  beneath  swept  shock  interactions  and 
similar  flows  (Refs.  88  to  90).  This  technique 
produces  a  streakline  pattern  which  dries  during  a 
brief  wind  tunnel  test  and  is  subsequently  preserved 
without  photography. 

A  thick  mixture  (between  1:4  and  1:1,  depending  on 
test  conditions)  of  a  dry  pigment  and  a  volatile  carrier 
fluid  is  applied  to  wind  tunnel  surfaces  upstream  of 
the  region  to  be  visualized.  The  flow  spreads  this 
mixture  over  the  test  surfaces,  forming  streaks  which 
dry  before  the  airflow  is  stopped.  The  very  thin 
coating  of  pigment  remaining  on  the  surface  is  then 
lifted  off  and  preserved  using  ordinary  transparent 
matte-acetate  adhesive  tape.  Because  the  pattern  is 
extremely  thin,  problems  with  buoyancy  forces  on 
liquid  accumulations  on  the  test  surfaces  are  avoided. 
vSurface-flow  visualization  of  nominally  steady 
boundary-layer  flows  using  an  evaporating  carrier  fluid 
can  therefore  be  considered  to  be  nonintrusive. 

The  most  suitable  carrier  fluid  for  supersonic  testing 
in  cold  tunneb  is  found  to  be  ordinary  kerosene  (Refs. 
88  to  90).  Kerosene  is  quite  volatile  at  the  near¬ 
ambient  surface  temperatures  and  sub-ambient  static 
pressures  typical  of  such  facilities,  so  that  it  typically 
evaporates  within  5-20  seconds  of  the  beginning  of  a 
wind  tunnel  run,  this  time  being  determined  by 
observing  the  pattern  formation.  (Gasoline  was  also 
tried,  but  was  observed  to  boil  away  immediately  upon 
the  static-pressure  drop  which  accompanies  tunnel 
startup.)  Other  wind  tunnel  facilities  with  different 
operating  conditions  may  require  more  or  less  volatile 
carrier  fluids,  for  which  purpose  a  wide  variety  of 
hydrocarbon  dbtillates  is  readily  available.  For 
example,  the  heated  hypersonic  flow  of  Ref.  61 
resulted  in  a  model  temperature  well  above  ambient, 
which  required  the  use  of  a  less-volatile  carrier  fluid 
(vacuum-pump  oil). 

The  pigment  material  may  be,  in  principle,  almost  any 
finely-divided  powder.  However,  experience  (Refs.  88 
to  90)  has  shown  that  ultra-fine  particle  diameters  in 
the  range  of  a  few  ^m  and  smaller  do  not  produce  the 
best  patterns.  Similarly,  large  particles  on  the  order 
of  100  pm  diameter  or  larger  disturb  the  boundary 


layer  excessively.  There  is  thus  a  range  of  particle 
sizes  where  this  method  is  most  successful.  The 
extremely-fme  particles  of  oil-paint  pigments  or  food 
dyes  do  not  streak  properly,  resulting  instead  in  a 
featureless  smear.  Ground  carbon-black  or  powdered, 
colored  chalk  seem  to  produce  the  best  results. 

For  complex  flows,  combinations  of  different  color 
mixtures  are  helpful  in  following  the  surface  streakline 
pattern  development  (Ref.  91).  This  reference 
includes  a  printed  comparison  of  a  color  and  a 
monochrome  image  of  the  same  shock/boundary- layer 
interaction  footprint  for  comparison.  Contrasting 
colors  are  used,  for  example,  to  highlight  the  primary 
flow  separation  line.  Color  offers  several  advantages 
in  pattern  visibility  and  interpretation  which, 
unfortunately,  must  be  weighed  against  the  expense  of 
reproducing  color  images. 

Once  a  pattern  is  formed,  it  is  conveniently  preserved 
using  a  large  rectangle  of  matte-acetate  adhesive  tape, 
which  is  commercially  available  in  widths  up  to  at 
least  20  cm.  Such  a  square  of  tape  is  placed  carefully 
upon  the  dry  pattern,  rubbed  vigorously  with  a  soft 
cloth,  peeled  off,  and  preserved  by  pressing  on  white 
paper.  The  result  is  an  undistorted,  full-scale  pattern 
of  the  surface  streaks,  from  which  quantitative 
measurements  may  be  made. 


Fig.  29  -  Kerosene-Lampblack  Footprint  Trace  of 
Mach  3,  a  =  15°  Interaction. 


An  example  of  such  a  pattern,  formed  by  a  swept 
shock/boundary  layer  interaction,  was  shown  previ¬ 
ously  in  Fig.  7.  Another  example  is  given  in  Fig.  29. 
In  this  separated  sharp-fm  interaction  footprint,  fine 
streaking  of  the  indicator  material  gives  an  excellent 
rendition  of  surface  limiting-streamline  features  and 
directions.  In  order  to  produce  this  pattern,  the 
kerosene-lampblack  mixture  was  applied  both 
upstream  of  the  interaction  and  near  the  fin-plate 
junction,  since  the  primary  separation  line  is  a  line  of 
exclusion  preventing  upstream  material  from  reaching 
downstream  locations.  The  primary  separation, 
secondary  separation,  and  primary  attachment  lines  of 
the  flow  are  clearly  visible  in  the  example  of  Fig.  29. 


While  the  flne  detail  of  this  pattern  is  beyond  the 
resolution  of  the  printing  process,  measurements  with 
200  /im  or  0.1  deg  accuracy  can  be  made  from  the 
full-sized  original.  Such  patterns  have  been 
instrumental  in  the  swept-interaclion  research  which 
was  reviewed  earlier  in  this  paper.  They  constitute 
the  single  most  important  source  of  data  from  which 
the  Reynolds  number  and  Mach  number  scaling  laws 
and  the  conical  similarity  principle  for  swept 
interactions  were  first  derived  (Refs.  21,  26,  27,  34, 46, 
69,  and  71).  Topological  rules  are  applied  to  interpret 
such  surface  patterns  {eg  Refs.  7  and  12). 

63  Conical  Shadowgraphy 

Optical  shadowgraphy  (see  eg  Ref.  87)  is  a  well- 
known  and  widely-used  tool  for  the  visualization  of 
high-speed  flows.  The  technique  is  usually  straight¬ 
forward  and  inexpensive,  and  is  notable  for  its  ability 
to  reveal  strong  refractive  index  gradients  produced  by 
such  flow  phenomena  as  shock  waves  or  turbulent 
eddies.  Ordinary  shadowgraphy  is  usually  done  with 
a  collimated  light  beam  originating  from  a  "point" 
source  (ie  a  source  of  high  spatial  coherence).  The 
information  in  the  shadowgram  results  from  an 
integration  across  the  flow  through  which  this  beam 
passes.  Thus  the  shadowgram  interpretation  can  be 
straightforward  only  for  those  flow  disturbances  which 
lie  parallel  to  the  light-beam  axis,  namely,  planar  two- 
dimensional  flows.  However,  it  is  well-known  that 
disturbances  in  a  uniform,  inviscid  supersonic  flow 
exhibit  conical  rather  than  planar  symmetry.  The 
usefulness  of  parallel-light  shadowgraphy  to  investigate 
such  conical  flowfields  is  thus  quite  limited. 

For  some  time  it  has  been  known  that  the  optical 
diagnosis  of  conical  flows  depends  critically  upon 
placing  the  illumination  in  the  proper  conical 
framework,  without  which  little  or  nothing  is  likely  to 
be  seen.  Love  and  Grigsby  (Ref.  92)  first 
accomplished  this  by  arranging  for  their  conical  delta¬ 
wing  flow  and  a  conical  light  beam  to  have  common 
vertices.  Subsequent  work  (Refs.  93  and  94)  similarly 
dealt  with  flows  over  conical  wing  planforms.  The  use 
of  conical  shadowgraphy  for  the  optical  diagnosis  of 
swept  shock/boundary  layer  interactions  was  first 
reported  by  Zubin  and  Ostap>enko  (Refs.  16  and  75). 
It  was  subsequently  used  by  Settles  and  Teng  (Ref. 
88).  None  of  this  early  work,  however,  was  able  to 
simultaneously  achieve  accurate  alignment  and  high 
resolution,  nor  was  a  broad  range  of  interaction 
strengths  investigated. 

The  key  difficulty  with  the  early  attempts  at  conical 
shadowgraphy  for  the  imaging  of  swept 
shock /boundary  layer  interactions  had  to  do  with 
alignment.  Since  the  interactions  were  known  to  be, 
at  best,  quasiconical,  it  was  unclear  exactly  how  the 
light  beam  should  be  matched  up  with  the  actual  flow. 
Some  insight  on  this  issue  was  gained  in  Ref.  95, 


where  benchtop  simulation  experiments  showed  both 
axial  and  transverse  misalignment  to  be  significant 
problems,  though  axial  misalignment  was  found  to  be 
comparatively  less  serious.  Fortunately,  the  quasi- 
conical  nature  of  the  flow  {ie  the  presence  of  a 
nonconical  inception  zone)  was  not  discovered  to  be 
an  overriding  issue.  Apparently  the  conical  nature  of 
the  majority  of  the  flowfield  predominates  over  its 
non-conical  inception  zone,  insofar  as  conical 
shadowgraphy  is  concerned. 

These  results  were  put  to  practice  by  Alvi  and  Settles 
(Ref.  24),  who  produced  the  first  clear  images  of  the 
sharp-fin-generated  swept-intcraction  structure  by 
conical  shadowgraphy.  This  was  accomplished  by 
focusing  a  light  beam  at  the  interaction  VCO  and 
aiming  it  such  that  the  resulting  conical  beam 
coincided  with  the  rays  of  the  swept  interaction  under 
study.  A  special  optical  setup  with  its  axis  in  the 
plarc  of  the  flat  plate  was  assembled  for  this  purpose. 
As  shown  in  top  view  in  Fig.  30,  a  xenon  arc  lamp 
(GenRad  1431AB  Strobotac)  is  used  as  a  white-light 
source.  The  output  of  this  lamp  is  focused  on  a  pin¬ 
hole  or  an  adjustable  aperture  (set  to  approximately 
0.5x0.5  mm)  to  generate  an  effective  "point"  light 
source.  An  achromatic  lens,  L„  collimates  this  beam, 
which  is  then  focused  near  the  fin  leading  edge  using 
a  second  achromatic  lens  Lj.  The  axis  of  the  resulting 
conical  light  beam  is  aimed  along  the  interaction 
sweep  line,  which  corresponds  to  the  trace  of  the 
inviscid  shock  wave. 


Fig.  30  -  Schematic  Diagram  of  Conical  Shadowgraphy 
Setup  (Top  View). 

For  proper  alignment,  the  axis  of  the  light  beam  must 
lie  on  the  surface  of  the  flat  plate.  In  practice  this 
requires  that  the  beam  actually  reflect  off  the  highly- 
polished  flat  plate.  When  the  alignment  is  correct, 
this  reflected  beam  is  conical  with  rays  aligned  with 
the  conical  rays  of  the  interaction  itself.  This  conical 
light  beam  exits  through  a  special  3.75  cm-thick  acrylic 
tunnel  sidewall  and  is  focused  by  a  third  lens,  L,,  into 
the  zoom-lens  of  a  CCD  video  camera. 
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The  resulting  video  image,  recorded  by  Alvi  and 
Settles  in  the  S-VHS  format,  is  displayed  on  a  high- 
resolution  television  monitor.  Automatic  line- 
synchronization  occurs  between  the  individual  flashes 
of  the  arc-lamp  light  source  and  the  video  frames, 
such  that  each  frame  receives  2-3  /rs  of  exposure. 
However,  the  framing  rate  of  the  video  equipment 
used  here  is  only  30  Hz.  Single-image  still 
photography  could  have  been  used  in  place  of  the 
video  equipment  just  described,  with  either  the  xenon 
flashlamp  source  already  described  or  a  small 
continuous-light  source  in  use. 

The  conical  shadowgram  shown  earlier  in  this  paper 
(Fig.  18)  was  taken  from  the  original  video  record 
using  a  microcomputer-based  frame  grabber  which 
has  a  512x464x8-bit  pixel  resolution.  This  image  was 
then  halftoned  and  printed  directly  on  a  laser  printer 
using  desktop-publishing  software,  thus  avoiding 
photographic  processing.  Many  other  examples  of  the 
results  thus  obtained  can  be  found  in  Ref  '  and  82. 
In  addition,  the  Penn  State  Gas  Dynamics  .  auoratory 
has  produced  a  videotaped  compilation  of  these 
results  (Ref.  %). 

As  previously  shown  by  Lu  and  Settles  (Ref.  71).  the 
inception  length  to  conical  symmetry  in  swept  interac¬ 
tions  decreases  as  the  interaction  .strength  increases, 
such  that,  for  moderate  to  strong  interactions,  the 
VCO  is  essentially  coincident  with  the  junction  of  the 
fin  leading  edge  and  the  flat  plate.  Consequently,  the 
conical  light  beam  is  roughly  focused  near  the  fin 
leading  edge  along  the  inviscid  shock  sweep  line 
before  a  wind  tunnel  test.  Fine  alignment  of  the  light 
beam  with  the  interaction  is  then  done  during  one  or 
more  test  runs.  The  criterion  for  "perfect"  conical 
shadowgraphy  beam  alignment  is  the  collapse  of  the 
shock  wave  image  into  its  characteristic  lambda-foot 
shape  with  as  little  spreading  of  the  structure  as 
possible.  This  often  requires  multiple  alignment  runs 
to  achieve.  In  all  cases  the  fact  that  the  fin-plate 
junction  does  not  lie  along  a  ray  of  the  quasiconical 
interaction  prevents  the  imaging  of  the  extreme  rear 
segments  of  the  interactions  under  study. 

Some  limitations  of  this  approach  include  the  standard 
caution  that  a  shadowgram  is  a  picture  of  a  shadow, 
not  a  focused  image.  Geometric  distortions  are 
possible.  Another  difficulty  encountered  in  the  work 
of  Refs.  24  and  82  was  that  a  suitable  lens  of 
sufficiently-large  aperture,  high  quality,  and  short  focal 
length  was  not  available  for  Lj,  so  that  the  larger 
interactions  had  to  be  imaged  piecemeal.  Finally,  due 
to  the  effect  of  reflecting  the  entire  test  beam  from 
the  polished  flat  plate  surface,  optical  aberrations 
were  produced  which  thwarted  attempts  to  convert  the 
conical  shadowgraph  apparatus  to  conical  schlieren  by 
the  addition  of  a  knife-edge  cutoff. 
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6.4  Conical  Holographic  Interferometry 
While  conical  shadowgraphy  provided  extremely 
valuable  flow  visualizations  in  the  above-dted  studies, 
it  nonetheless  suffered  the  traditional  limitations  of 
shadowgraphy,  which  is  a  purely-qualitative  tool.  No 
published  record  has  been  found  of  any  attempt  prior 
to  1989  to  apply  a  more  sophisticated  optical 
diagnostic,  such  as  interferometry,  to  such  swept 
conical  flows.  This  was  flrst  attempted  in  the 
experiments  of  Hsu  and  Settles  (Ref.  76),  which  were 
preliminary,  but  pointed  the  way  for  their  later 
quantitative  pulsed-laser  holographic  interferometry 
measurements  of  swept  shtu'p-fin-generated  shock- 
boundary  layer  interactions  (Ref  25). 


Fig.  31  -  Schematic  Diagram  of  Conical  Holographic 
Interferometry  Setup  (Top  View). 

The  advantages  of  holographic  interferometry  for  this 
purpose  are  well  known  (Refs.  87  and  97),  and  include 
the  capture  of  several  different  types  of  flow 
information  on  a  single  holographic  plate.  Quan¬ 
titative  density  measurements  are  possible,  as  is  a 
systematic  study  of  flow  unsteadiness  (by  varying  the 
interval  between  laser  pulses,  though  this  has  not  been 
done  in  the  cited  work  of  Hsu  and  Settles).  Further, 
holographic  interferograms  do  not  require  schlieren- 
quality  glass  windows,  allowii-jT,  the  use  of  the  acrylic 
wind  tunnel  test  section  side  'aii  window,  mentioned 
earlier,  for  purposes  of  broad  .:.ptical  access. 

In  Ref.  25  a  conical  holographic  object  beam,  focused 
at  the  virtual  origin  of  the  interaction  and  aimed  along 
the  swept  shock  wave,  was  used  to  produce  double- 
pulsed  holographic  interferograms  of  a  range  of 
swept-intcraction  flowfields,  examples  of  which  were 
already  given  in  Figs.  19,  25,  and  26.  As  in  the  conical 
shadowgraphy  discussed  earlier,  the  optical  rays 
diverging  from  the  VCO  integrate  the  properties  of 
the  flow  conically  through  the  whole  interaction.  (Of 
course,  the  inception  zone  is  non-conical,  but  its 
deviation  from  conicity  typically  produces  only  a 
second-order  effect.)  The  resulting  interferograms 
were  then  analyzed  to  yield  conical  flowfield  density 
maps,  an  example  of  which  was  already  given  in  Fig. 
27.  Here,  the  experimental  technique  and  data 
reduction  procedure  will  next  be  described. 


6.4.1  Optical  Apparatus 

A  pulsed  ruby  laser  (693.4  nm  wavelength)  was  used 
as  the  light  source  for  holographic  interferometry. 
The  maximum  energy  output  of  this  laser  was  300 
mJ/pulse  and  the  pulse  width  was  20  ns.  Though  the 
laser  has  a  double-pulse  capability,  it  was  used  only  in 
single-pulse  mode  in  this  study.  Because  of  its 
excellent  coherence,  the  ruby  laser  has  been  respected 
as  the  best  available  source  for  holographic  imaging 
despite  its  rather  poor  reputation  in  terms  of  ease  of 
operation  and  upkeep.  (An  alternative  laser  source 
for  this  purpose  is  a  pulsed,  frequency-doubled 
Nd:YAG  laser.) 

The  layout  of  the  optical  apparatus  with  respect  to  the 
wind  tunnel  test  section  and  fin  shock  generator  is 
depicted  schematically  in  Fig.  31.  M1-M5  are  beam¬ 
folding  mirrors  and  BSl  is  a  beamsplitter  in  this 
figure.  A  1.2  X  2.4  meter  optical  table  was  positioned 
beneath  the  wind  tunnel  test  section  in  order  to 
support  both  the  laser  and  its  associated  optical 
components.  A  15  mW  helium-neon  laser,  aimed 
through  the  ruby-laser  cavity,  was  used  for  optical 
setup  and  alignment.  AGFA  8E75  holographic  plates 
of  10x12.5  cm  size  were  used  as  the  recording 
medium. 


Fig.  32  -  Diagram  of  Object-Beam  Alignment  with  Fin 
(Top  View). 

The  manner  in  which  the  holographic  object  beam  is 
aligned  with  the  quasiconical  flow  structure  is  crucial 
to  this  experimental  technique.  When  perfectly 
aligned  as  shown  in  Fig.  32,  the  conical  object  beam 
is  partially  blocked  by  the  leading  edge  of  the  fin 
itself,  so  that  no  features  of  the  interaction 
downstream  of  the  shock  wave  may  be  observed. 
Thus  a  slight  deviation  of  the  focus  of  the  object  beam 
from  the  true  VCO  becomes  necessary,  as  was  the 
case  in  the  conical  shadowgraphy  described  previously. 
In  Ref.  76  a  horizontal  misalignment  was  used,  but 
this  was  later  found  to  be  a  wrong  approach.  Instead, 
positioning  the  object-beam  focus  closer  to  the  fin 
leading  edge  than  the  VCO,  so  as  to  avoid  beam 
blockage  by  the  fin,  was  found  more  effective  in  Ref. 
25.  This  approach  works  according  to  the  rule 


discovered  by  Schmidt  and  Settles  (Ref.  95),  that 
axial  misalignment  is  relatively  innocuous  compared  to 
transverse  (horizontal  or  vertical)  displacement  in 
conical  shadowgraphy.  In  any  case,  other  results  (Ref. 
71)  show  that  the  fin  leading  edge  and  the  VCO 
become  practically  coincident  for  sufficient-high 
interaction  strengths. 

As  in  conical  shadowgraphy,  in  order  to  achieve 
proper  vertical  alignment  it  is  necessary  to  reflect  the 
object  beam  focus  from  the  surface  of  the  flat  plate. 
Accordingly,  a  high  polish  on  the  Hat  plate  in  the 
vicinity  of  the  fin  leading  edge  was  produced  for 
specular  reflection. 

The  reference  beam  remains  outside  the  wind  tunnel 
and  is  directed  to  interfere  with  the  object  beam  on 
the  holographic  plate.  This  plate  is  positioned  normal 
to  the  object  beam  to  minimize  the  distortion  of  the 
conical  projection,  and  is  located  immediately  outside 
the  wind  tunnel  window,  as  shown  in  Fig.  32.  A  sharp 
shadow  of  the  interaction  structure  is  thus  cast  on  the 
plate  by  the  object  beam,  making  this  optical 
arrangement  the  logic  1  equivalent  of  image-plane 
holography.  During  the  experiment,  each  holographic 
plate  is  exposed  twice;  once  immediately  before  the 
wind  tunnel  test  and  then  a  second  time  after  the  flow 
is  established.  Interference  thus  occurs  between  the 
two  exposures,  since  the  object  beam  wavefront,  which 
creates  the  second  exposure,  is  distorted  by  its  passage 
through  the  flow. 

Following  the  development  of  the  plate  an  optical 
reconstruction  of  the  holographic  interferogram  is 
performed.  While  this  is  usually  done  with  coherent 
light,  it  proved  more  convenient  to  use  a  white-light 
reconstruction  technique.  This  technique  was  simple 
to  implement,  produced  bright  interferogram  images, 
and  eliminated  any  coherent  artifact  noise  associated 
with  the  reconstruction  process.  Since  the  optical 
arrangement  described  above  produces  what  amounts 
to  an  image-plane  interferogram  (where  the  fringe 
pattern  is  "locked  into"  the  emulsion),  any  means  of 
reconstruction  will  yield  the  same  fringe  pattern. 


Fig.  33  -  White-Light  Hologram  Reconstruction  Setup. 

Fig.  33  illustrates  the  setup  for  white-light  reconstruc¬ 
tion.  The  light  source  is  an  incandescent  bulb  with  a 
4800  K  color  temperature.  This  bulb  is  positioned  so 
that  the  angle  of  the  incident  beam  is  the  same  as  the 
angle  of  the  reference  beam  in  the  hologram  exposure 
process.  The  light  reaches  the  holographic  plate 


through  a  diffusing  screen  and  a  rectangular  mask.  A 
camera  placed  at  the  proper  diffraction  angle  to  the 
plate  records  the  holographic  interferogram.  Either 
monochrome  or  color  images  may  be  recorded, 
though  the  colors  are  purely  artifacts  of  the  white-light 
reconstruction  method. 


Fig.  34  -  Conical  Laser  Shadowgram  of  Mach  2.43, 
a  =  15°  Interaction. 


Fig.  35  -  Conical  Holographic  Interferogram  of  Mach 
2.43,  a  =  15°  Interaction. 


Since  the  conical  object  beam  projects  a  direct  shadow 
of  the  interaction  onto  the  holographic  plate,  a  laser 
shadowgram  may  be  obtained  simply  by  contact- 
printing  the  plate  on  photographic  paper.  Such  an 
example  is  shown  in  Fig.  34  for  a  Mach  2.43,  a  =  15° 
interaction  from  Ref.  76.  It  is  followed  by  the 
corresponding  holographic  interferogram  recon¬ 
struction  from  the  same  plate,  shown  in  Fig.  35. 
(Note  that  the  flow  direction  in  these  images  is  left-to- 
right.)  The  alignment  of  the  object  beam  with  the 
interaction  is  obviously  not  so  good  as  in  the  previous 
examples  shown  here  (note  the  lateral  spreading  and 
"ghost"  images  of  the  A-foot  in  Fig.  34).  Nonetheless, 
these  figures  show  an  interesting  contrast  between  two 
different  visualizations  obtained  from  the  same  plate. 
Fig.  34  is  similar  to  the  white-light  conical 
shadowgram  shown  earlier  in  Fig.  18,  but  is  less  clear 
due  to  exposure  variations  across  the  plate  and 
coherent  artifact  noise.  It  reveals  the  turbulence  in 
the  separated  region,  the  slip  line  emanating  from  the 
triple-shock  intersection,  and  "shocklets"  in  the  jet 
region  aft  of  the  A-foot.  The  interferogram.  Fig.  35, 
is  generally  less  revealing  in  terms  of  qualitative 
flowfield  phenomenology.  It  does  show  clearly,  how- 


ever,  the  core  of  the  separation  vortex  (located  at 
bottom  mid-frame  in  Fig.  35). 

6.42  Data  Reduction  Procedure 
The  data  reduction  process  used  to  obtain  flowfield 
density  data  from  the  present  holographic  inter- 
ferograms  assumes  that  both  the  flow  and  the  object 
beam  are  conical  {ie  two-dimensional  in  spherical 
polar  coordinates).  Thus,  end  effects  being  assumed 
negligible,  the  data  reduction  may  thus  proceed 
according  to  the  classical  procedure  for  2-D 
interferograms  (Ref.  97).  This  involves  the  following 
five  major  steps: 

1)  Select  a  series  of  closely-spaced  vertical  "cuts" 
through  the  interferograms  along  which  fringes 
will  be  evaluated.  The  number  of  cuts  is  chosen 
to  yield  adequate  data  resolution,  and  is  a  direct 
function  of  the  angular  extent  in  ^  of  the 
particular  interaction  being  evaluated. 

2)  Digitize  the  fringe  centers.  For  this  process,  a 
digitizing  pad  is  used  to  manually  locate  the  fringe 
centers  as  they  cross  each  vertical  cut  on  an 
enlarged  mterferogram  image.  A  relative  fringe 
order  number  is  then  assigned  to  each  fringe. 

3)  Calculate  the  optical  path  length.  The  integrated 
optical  path  length  is  not  a  constant  because  the 
swept  interaction  structure  intersects  the  flat 
tunnel  sidewall  at  an  oblique  angle  (see  Fig.  32). 
Hence,  the  optical  path  length  of  each  ray 
through  the  VCO  varies  from  position  to  position 
throughout  the  entire  interferogram.  Using  the 
VCO,  the  fln  leading  edge,  and  fiducial  marks  on 
the  downstream  tunnel  window  as  reference 
points,  the  optical  path  length  at  the  position  of 
each  registered  fringe  center  is  calculated  trigono¬ 
metrically. 

4)  Cancel  the  superimposed  constant  phase  shift. 
(Although  the  present  results  should  be  infinite- 
fringe  interferograms  in  principle,  a  minute  shift 
in  the  flat  plate,  upon  which  the  object  beam 
reflects,  due  to  wind  tunnel  loads  between 
exposures  superimposes  a  regular  finite-fringe 
background  on  the  results.)  The  constant  fringe 
spacing  observed  in  the  undisturbed  freestream 
flow  region  characterizes  this  fixed  phase  shift 
over  the  entire  interferogram.  The  phase  shift  is 
removed  by  a  calculated  correction  at  this  point. 
Absolute  phase  shifts  5,.i  are  then  reassigned  to 
every  registered  fringe  location. 

5)  Calculate  the  density  distribution  of  the  flowfield. 
Based  on  the  farfleld  conical  structure,  the 
refractive  index  along  each  ray  emanating  from 
the  VCO  is  constant  if  the  end  effects  are  small. 
Eqn.  16  below,  using  the  known  freestream 
conditions  as  an  initial  reference  point,  calculates 
the  density  of  each  digitized  point.  (Note  that 
fringe  discontinuities  across  shock  waves  were 
resolved,  where  necessary,  using  the  ideal-gas 


shock  wave  theory  evaluated  at  the  local  normal 
Mach  number.) 

5,., -A  ■  «  l(Pil.-P(U (16) 

Where  ^i.,  =  corrected  fringe  shift  between  a 
point  selected  for  evaluation  and  a  known  local 
reference  point,  A  =  laser  wavelength,  K  = 
Gladstone-Dale  Constant,  p„,  =  constant  free¬ 
stream  reference  density,  /,  =  optical  path  length 
through  the  local  rer„»ence  point,  p,  =  density  at 
the  local  reference  point,  /,  =  optical  path  length 
through  the  point  selected,  and  p,  =  density  at  the 
point  selected. 

The  solution  of  Eqn.  16  yields  the  value  of  the  local 
density  (kg/m*)  at  each  of  typically  several  hundred 
points  within  each  interferograms  which  is  evaluated. 
In  view  of  the  quasiconical  nature  of  the  flow,  the 
positions  of  these  points  may  only  be  given  properly 
in  angular  coordinates  measured  from  the  VCO 
location.  Both  the  azimuth  angle  P  and  the  elevation 
angle  are  referenced  to  the  freestream  direction  and 
are  given  in  degrees.  A  typical  example  of  a  conical 
interaction  flowfield  density  map,  obtained  from  the 
interferogram  of  Fig.  19,  was  shown  earlier  in  Fig.  27. 

6.5  Planar  Laser  Scattering 

The  planar  laser  scattering  technique,  also  known  as 
light-screen,  light-sheet,  or  vapor-screen  imaging,  is 
a  standard  experimental  technique  which  originated  in 
the  early  1960’s  (Ref.  98).  Though  early  difflculties 
were  experienced  in  collimating  non-coherent  light, 
the  availability  of  powerful  lasers  now  enables 
high-quality  images  to  be  obtained  without  undue 
difficulty.  Usually  the  flow  is  seeded  with  water 
vapor,  either  naturally  or  deliberately  by  injecting 
water  into  the  airstream  (Ref.  99),  though  other 
seeding  materials  have  been  tried  as  well.  Light  is 
scattered  by  the  aerosol  particles  as  the  flow  passes 
through  the  light-screen.  Since  it  is  unclear  m  general 
that  this  scattering  is  either  of  the  Mie  type  (produced 
only  by  comparatively-large  spherical  particles)  or  of 
the  Rayleigh  type  (denoting  scattering  from 
molecules),  it  was  decided  by  the  present  author  to 
call  it  simply  "planar  laser  scattering,"  or  PLS. 

Different  scattering  intensities  in  PLS  imaging 
indicate,  in  principle,  different  flow  densities,  assuming 
that  the  aerosol  was  initially  evenly-distributed  in  the 
flow.  However,  at  least  two  difficulties  arise  which 
prevent  a  quantitative  density  measurement.  Boun¬ 
dary-layers,  which  form  upon  relatively-hot  solid 
surfaces  in  the  flow,  tend  to  re-evaporate  any 
condensmg  moisture.  Further,  a  high-speed  boun¬ 
dary-layer,  being  less  dense  than  the  freestream, 
contains  a  smaller  particle  number-density  than  the 
freestream.  Finally,  the  static-temperature  rise  across 


a  shock  wave  can  be  sufficient  to  re-evaporate 
condensed  moisture  particles  as  well.  It  is  thus 
observed  that  such  boundary-layers  and  post-shock 
regions  appear  unnaturally  dark  in  PLS  images. 
Boundary-layer  fluid  which  leaves  the  surface  during 
flow  separation  appears  dark  as  well  (Refs.  98  and 
99).  Though  quantitative  use  has  certainly  been  made 
of  the  PLS  technique  {eg  Ref.  100),  it  will  here  be 
treated  purely  as  a  means  of  qualitative  flow 
visualization. 

One  drawback  of  the  PLS  technique  arises  from 
condensing  moisture  in  a  supersonic  wind  tunnel 
nozzle,  which  can  adversely  affect  the  flow  (Ref.  101). 
Some  previous  studies  have  used  moist  air  with  a 
frostpoint  as  high  as  -4°  C,  which  jeopardizes  the 
results  due  to  the  possibility  of  condensation  shock 
formation  (Ref.  101).  The  procedure  followed  by  Lu 
and  Settles  (Ref.  77)  to  prevent  this  is  as  follows.  The 
dewpoint  (or,  more  correctly,  the  frost  point)  of  the 
air  in  the  blowdown  wind  tunnel  storage  tank  was  kept 
below  -22°  C,  measured  at  atmospheric  pressure. 
This  dewpoint  results  in  an  error  due  to  moisture 
condensation  of  less  than  one  percent  of  the 
freestream  static  pressure,  or  the  freestream  Mach 
number,  for  Mach  numbers  in  the  2.5-4  range  (Refs. 
101, 102,  and  27,  Appendix  A).  This  amount  of  water 
vapor  was  also  sufficient  to  yield  good  PLS  images.  In 
order  to  achieve  this  moisture  level,  the  air,  after 
being  compressed,  is  sent  directly  to  the  storage  tank 
without  passing  through  the  drying  equipment  (which, 
under  normal  operating  conditions,  dries  the  air  to  a 
dewpoint  of  -37®  C  or  lower  by  passing  it  through  a 
silica-gel  bed). 


I - s 


Fig.  36  -  Diagram  of  Laser  Sheet  Generator  (per  J.  T. 
Kegelman). 

6J.1  Optical  Apparatus  and  Procedure 
The  specific  PLS  technique  used  to  obtain  the  image 
shown  previously  m  Fig.  20,  as  well  as  the  other  PLS 
images  shown  in  Refs.  47  and  82,  will  now  be 
discussed.  Fig.  36  shows  the  optics  used  to  generate 
a  thin  planar  light  sheet.  A  10- Watt  pulsed  Copper- 
vapor  laser  (MVL-2000,  CJ  Laser  Corp.)  was  used  as 
a  light  source.  More  recently,  a  5-Watt  Argon-Ion 
laser  has  also  been  used  successfully  for  this  purpose. 
The  laser  beam  is  first  focused  in  the  center  of  the 
wind  tunnel  test  section  using  the  two  spherical  lenses 
SI  and  S2.  These  lenses  have  typical  focal  lengths  of 
100  and  75  mm,  respectively,  and  are  both  50  mm  m 
diameter.  The  output  of  S2  is  then  expanded  into  a 
sheet  using  a  combination  of  two  cylindrical  lenses  Cl 


and  C2,  both  of  which  have  50  mm  focal  lengths  and 
are  50  mm  in  width.  The  two  spherical  lenses  allow 
the  focus  of  the  laser  beam  to  be  changed  by  varying 
the  spacing,  t,  between  them.  Similarly  the  sheet 
height,  h,  can  be  controlled  by  adjusting  the  spacing, 
L,  between  Cl  and  C2.  In  the  resulting  optical  setup 
the  light-sheet  thickness  is  less  than  2  mm  throughout 
the  region  of  interest. 


Fig.  37  -  Diagram  of  PLS  Setup  and  Test  Geometry 
(per  AIvi  and  Settles). 

Any  flow  imaging  technique  u.scd  to  examine  fin 
interactions  must  take  the  quasiconical  symmetry  of 
the  flow  into  account.  Consequently  several  cuts, 
normal  to  the  undisturbed  inviscid  shock,  were  made 
at  various  distances  from  the  interaction  VCO  as 
illustrated  in  Fig.  37.  The  PLS  images  were  recorded 
on  S-VHS  videotape  (standard  30  Hz  framing  rate 
and  approximately  a  1/30  sec  exposure)  using  a  high- 
resolution  color  CCD  camera.  Some  20  ns  images 
were  also  obtained  with  a  Xybion  ISG-250 
electronically  intensified  and  gated  video  camera  to 
"freeze"  the  turbulent  motion  in  the  flow.  The  angular 
coordinates  of  flow  features  observed  in  the  PLS 
imagery  were  obtained  by  way  of  "tare"  images  of  a 
precise  grid  placed  in  the  plane  of  the  laser  screen. 
By  overlaying  the  flowfield  and  tare  images  in  proper 
registration,  an  accurate  scaling  of  the  former  was 
accomplished. 

When  aerosols  such  as  the  present  ice  crystals  are 
used  to  seed  the  flow,  care  must  be  taken  to  ensure 
that;  a)  the  seeding  is  uniform  so  as  not  to  bias  the 
image  brightness,  and  b)  the  seed  particles  are  small 
enough  not  to  disturb  the  flow.  It  was  confirmed  that 
the  flow  was  well-mixed  in  the  wind  tunnel  stilling 
chamber  by  capturing  uniform  PLS  images  of  the 
supersonic  freestream  without  a  model  in  place. 

6JJ  Particle  Size  Measurements 
Two  independent  techniques  were  used  to  measure 
the  size  of  ice  crystals  entrained  in  this  flowfield.  The 
first  method,  known  as  a  two-wavelength  trans- 
missometer  technique,  has  been  used  extensively  in 
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the  past  (Refs.  103  to  105)  to  determine  the  size  of 
seeding  particles  in  high  speed  flows.  It  involves  the 
transmittance  measurement  of  laser  light  through  the 
seeded  flow  at  two  different  wavelengths.  The  ratio  of 
the  transmittances  at  the  two  wavelengths  is  then  used 
to  calculate  the  mean  particle  size.  Refs.  103-105 
discuss  the  application  of  the  technique  in  detail. 

In  the  second  particle  sizing  technique,  the  seeded 
flow  is  illuminated  by  unpolarized  light  and  the  degree 
of  polarization  of  light  scattered  at  90°  is  measured. 
The  degree  of  polarization  in  this  case  is  inversely 
proportional  to  particle  size  and  thus  gives  an  estimate 
of  the  size  of  the  ice  crystals  (Refs.  106  to  108). 

The  results  of  both  these  measurements  indicate  that 
the  mean  radius  of  the  ice  crystals  used  for  seeding 
the  flow  was  0.04  microns.  Furthei,  the  measure¬ 
ments  indicated  that  the  largest  ice  crystals  were  0.25 
microns  in  diameter.  Numerical  simulations  per¬ 
formed  using  modifled  Stokes  drag  show  that  particles 
of  this  size  follow  the  mean  flow  satisfactorily  in  that 
they  accurately  reveal  the  shock  structure  in  the 
present  flowfield.  For  a  detailed  description  of  the 
particle  size  measurements  and  particle  trajectory 
analysis,  the  reader  should  consult  Appendix  B  of  Ref. 
82. 

6.6  Skin  Friction  Measurements 
Until  recently,  no  instrument  existed  with  which  to 
measure  with  confidence  the  skin  friction  distribution 
beneath  a  shock/boundary-layer  interaction  of  the  sort 
described  here  (see  Refs.  109  and  110).  Other  than 
the  direct  measurement  of  wall  shear  stress,  r„  by  a 
balance,  the  available  techniques  infer  skin  friction 
from  some  other  measured  quantity,  such  as  heat 
transfer  or  pitot  pressure.  The  validity  of  such 
inferential  methods  is  doubtful  in  complex  interacting 
flows.  Further,  floating-element  balances  themselves 
have  serious  problems  in  such  flows,  especially  due  to 
pressure  gradients  and  poor  spati2il  resolution. 

A  recent  development,  the  Laser  Interferometer  Skin 
Friction  (LISF)  meter,  promises  to  resolve  this 
problem.  The  LISF  meter  was  invented  by  Tanner 
and  Blows  (Ref.  Ill),  and  was  subsequently  refmed  by 
Tanner  (Ref.  112),  Monson  and  Higuchi  (Ref.  113), 
Monson,  Driver  and  Szodruch  (Ref.  114),  Monson 
(Refs.  115  and  116),  Westphal,  Bachalo,  and  Houser 
(Ref.  117),  and  Kim  and  Settles  (Refs.  49  and  118). 
The  LISF  meter  was  used  to  measure  skin  friction  in 
supersonic  sharp-fln-generated  swept  interactions  by 
Kim  et  a/.(Refs.  49  and  50)  and  in  hypersonic 
interactions  by  Kussoy,  Kim,  and  Horstman  (Ref.  61). 
An  Example  of  the  results  of  such  measurements  was 
given  earlier  in  Fig.  13.  The  most  recent  work  on  this 
topic  has  been  published  by  Bandyopadhyay  and 
Weinstein  (Ref.  119),  Kornilov  et  al.  (Ref.  120),  and 
Seto  and  Hornung  (Ref.  121). 


The  LISF  meter  iuterferometrically  senses  the  time 
rate  of  thinning  of  an  oil  film  on  a  polished  surface 
subjected  to  aerodynamic  shear.  In  two-dimensional 
(2-D)  flows  without  pressure  gradients,  oil  lubrication 
theory  then  gives  directly  without  any  reference  to 
the  properties  of  the  overlying  boundary  layer.  While 
some  corrections  are  required  in  pressure-gradient 
and  shear-gradient  flows,  the  instrument  nonetheless 
delivers  essentially  a  direct  measurement  of  r,. 

6.6.1  The  LISF  Meter  in  High-Speed  3-D  Flows 
The  underlying  theory  of  the  LISF  technique  and 
examples  of  its  application,  mainly  in  incompressible 
flows,  are  thoroughly  documented  in  Refs.  Ill  to  117. 
Other  than  in  a  supiersonic  delta-wing  demonstration 
experiment  by  Monson,  el  al.  (Ref.  114),  the  LISF 
meter  had  not  been  used  in  compressible  3-D  flows 
prior  to  the  work  of  Kim  and  Settles  (Refs.  49  and 
118).  They  found  that  the  major  limitation  of  the 
technique  in  compressible  flows  was  due  to 
surface-wave  phenomi.ua  on  the  oil  film  in  cases  of 
high  r^  about  which  more  will  be  said  below. 

Kim  and  Settles  (Ref.  1 18)  performed  an  experimental 
calibration  over  a  range  of  Mach  numbers  using 
zero-pressure-gradient  supersonic  turbulent  boundary 
layers.  This  calibration  showed  that  the  typical  error 
of  the  technique  (compared  to  such  standards  as 
Preston-tube  data  and  eddy-viscosity  computations) 
ranged  from  -3%  to  -8%  with  Mach  number.  A 
recent  repeat  of  this  calibration  using  improved 
equipment  and  procedures  (Ref.  122)  over  the  range 
2.5  <  M^  <  4  showed  that  the  LISF  meter 
readings  were  within  1-2%  of  the  mean  of  the 
calibration  standards  except  at  Mach  4. 

It  is  generally  necessary  in  3-D  laser  skin 
friction  measurements  to  know  the  direction 
of  the  wall  shear  stress  vector  a  priori,  since 
an  accurate  knowledge  of  the  distance.  As,  from  the 
oil-film  leading  edge  to  the  laser-beam  measuring  spot 
is  required.  Alternatively,  when  the  dual-beam  LISF 
adaptation  is  used.  Refs.  113-117,  As  need  not  be 
measured.  However,  in  that  case,  either  the  dual 
beam  spots  must  still  be  aligned  with  the  local  r. 
direction,  or  else  two  components  of  r„  must  be 
measured  with  considerable  extra  effort.  Recent 
trends  have  been  in  favor  of  single-  rather  than  dual¬ 
beam  skin  friction  interferometry  on  grounds  of 
reduced  complexity. 

Local  r,  directions  may  be  determined  directly  from 
surface-flow  visualization  results,  assuming  that  these 
are  obtained  in  a  quantitatively-usable  manner.  Also, 
it  is  known  that  small-amplitude,  broadband 
fluctuations  occur  in  shock  wave/turbulent  boundary 
layer  interactions,  though  the  overall  flow  structure 
has  been  observed  to  be  nominally  stationary  (see  the 
paper  by  D.  S.  Dolling  elsewhere  in  this  report). 


Since  surface-flow  visualization  methods  have  little  or 
no  frequency  response,  they  clearly  perform  some  sort 
of  averaging  process.  In  the  absence  of  evidence  to 
the  contrary,  it  is  assumed  that  such  patterns  generally 
yield  a  true  representation  of  the  local  mean  direction 
of  the  wall  vector. 

The  kerosene-lampblack-adhesive  tape  technique 
described  earlier  in  this  paper  is  particularly  suitable 
for  determining  r,  directions,  in  that  it  yields 
undistorted  full-scale  surface-streak  patterns.  Angular 
measurements  of  local  directions  are  possible  with 
±  0.5°  routine  accuracy.  During  LISF  tests,  full-scale 
transparent  overlays  of  these  surface-flow  patterns 
were  used  to  identify  the  surface-flow  direction 
corresponding  to  a  given  position  of  the  laser-beam 
measuring  spot. 

After  applying  the  oil  film  to  the  flat  plate,  an  optical 
cathetometer  (least  count;  0.025  mm)  aligned  normal 
to  the  surface-flow  direction  was  used  by  Kim  and 
Settles  to  measure  As  with  a  repeatability  of  ±  0.6%. 
The  leading  edge  of  the  oil  film  was  highlighted  for 
this  purpose  by  reflected  light  from  a  spotlight 
positioned  outside  the  wind  tunnel.  Still,  uncertainty  of 
the  exact  oil-film  leading-edge  position  was  the  major 
contributor  to  uncertainty  in  As.  Checks  were  made 
to  insure  that  As  did  not  shift  due  to  wind  tunnel 
startup.  With  practice.  As  was  measured  with  an 
overall  accuracy  of  t  2%  using  the  optical  cathe¬ 
tometer. 

Recognizing  that  the  As  measurement  error  is  likely 
to  be  the  single  most  important  issue  in  the  accuracy 
of  the  instrument,  Kim  et  al.  (Ref.  50)  recommended 
and  Garrison  and  Settles  (Ref.  122)  implemented  the 
use  of  a  Questar  DRl  telemicroscope  to  obtain  a 
more  accurate  As  measurement.  The  latter  authors 
succeeded  in  achieving  a  As  measurement  error  of 
only  ±  0.5%  by  this  means.  Accurate  As  measure¬ 
ments  along  the  local  surface-flow  direction  enable,  at 
least  in  the  present  circumstances,  the  use  the 
relatively-simple  single-beam  LISF  meter  arrangement 
shown  in  Fig.  38  rather  than  the  dual-beam  method  of 
Monson  et  al.  (Refs.  113-116). 


6.6JI  Apparatus  and  Data  Acquisition 
Fig.  38  illustrates  the  components  of  the  single-beam 
LISF  meter  as  used  by  Kim  et  al.  (Refs.  49,  50,  and 
118).  The  beam  from  a  5-milliwatt  linearly- polarized 
helium-neon  laser  (1)  first  passes  through  a  50% 
neutral-density  filter  (2)  and  an  iris  diaphragm  (3). 
The  beam  is  then  directed  downward  by  a  folding 
mirror  (4),  and  focused  by  a  lens  (5),  passing  through 
the  clear  acrylic  ceiling  window  (6)  of  the  wind  tunnel 
to  form  a  spot  of  about  450  /jm  diameter  at  an 
appropriate  point  (7)  on  the  flat  plate.  During 
experiments,  a  thin  film  of  i/  =  500  centistokes 
Dow-Corning  "200“  silicone  oil  applied  to  a  local 
region  (7)  of  the  flat  plate  is  sheared  by  the  r, 
distribution  of  the  shock/boundary- layer  interaction 
due  to  the  fin  (8).  The  incident  laser  beam  is 
reflected  by  both  the  su.  face  of  the  oil  film  and  the 
polished  plate  beneaili  a  This  produces  a  reflected, 
two-component,  interfering  laser  beam  directed  out  of 
the  wind  tunnel  through  the  ceiling  window.  (The 
beam  angles  of  incidence  and  reflection  are  kept  to 
about  1°.)  The  reflected  beam  is  intercepted  by  two 
first-surface  aiming  mirrors,  (9)  and  (10),  whence  it  is 
directed  through  a  ground-glass  diffuser  (11)  and  a 
6328  A  filter  onto  a  photodiode  (12). 

The  photodiode  senses  a  time-dependent  light 
intensity  due  to  the  interference  of  light  reflected  from 
the  oil  film  and  test  surface.  The  photodiode  output 
(13)  is  raised  to  a  level  of  8  volts  by  an  internal 
operational  amplifier,  low-pass  filtered  with  a  10  Hz 
cutoff  to  remove  high-frequency,  vibration-induced 
optical  noise  above  the  oil-film  response  range,  and 
recorded.  Several  other  channels  of  data  are  recorded 
simultaneously,  including  wind  tunnel  stagnation 
properties  and  wall  pressures  and  temperatures. 
These  analog  data  channels  arc  then  digitized  by  a 
microcomputer-controlled  A/D  converter,  and  stored 
in  the  computer  memory.  (Current  practice  employs 
a  multi-channel  12-bit  LeCroy  waveform  recorder  for 
this  purpose.) 

Kim  et  al.  (Refs.  49,  50,  and  118)  used  a  20Hz  data 
rate,  later  upgraded  to  50Hz.  Garrison  and  Settles 
(Ref.  122)  later  found  that  a  significantly-higher  data 
rate  (200  Hz)  helps  to  distinguish  the  initial  fringe 
pattern  from  random  noise,  thus  improving  the  signal. 
They  abo  achieved  a  better  focus  of  the  incident  laser 
beam  on  the  flat  plate  by  attaching  a  beam  expander 
(composed  of  a  microscope  objective  and  an  output 
lens)  to  the  laser,  as  done  by  Westphal  et  al.  (Ref. 
117). 

A  photograph  of  the  physical  implementation  of  the 
LISF  instrument  is  given  in  Fig.  39.  The  instrument 
is  mounted  on  a  platform  supported  by  pedestal  legs 
whose  lower  ends  are  attached  to  an  optical  table. 
The  test  section  sidewall  has  been  removed  to  reveal 
the  flat  plate  and  white-painted  fin.  Shown  adjusting 


Fig.  38  -  Diagram  of  LISF  Meter 
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the  instrument  in  Fig.  39  is  the  late  Dr.  Kwang-Soo 
Kim,  who  developed  this  version  of  it  at  Penn  State 
University.  The  details  of  this  development  may  be 
found  in  his  Ph.D.  Thesis,  Ref.  123. 


Fig.  39  -  Photo  of  LISF  Meter  Installed  Above  Wind 
Tunnel  Test  Section. 


6.6J  Data  Reduction 

The  occurrence  of  surface  waves  on  the  oil  film  under 
conditions  of  high  shear  limits  the  number  of  useful 
interference  fringes  which  can  be  obtained  (Refs.  118 
and  124).  This  calls  for  a  somewhat -different  data 
reduction  scheme  than  that  reported  by  the  cited 
earlier  investigators  for  incompressible  flows.  Given 
only  a  few  good  fringes,  it  becomes  necessary  to 
determine  r,  based  on  the  entire  signal  within  the 
usable  fringe  record.  Merely  determining  the  time 
interval  corresponding  to  3  arbitrary  fringe  peaks 
(minima  and  maxima),  as  was  often  done  in  incom¬ 
pressible  flow,  does  not  yield  sufficient  accuracy  here. 

Thus,  as  described  in  Ref.  118,  it  is  necessary  to 
define  that  part  of  the  fringe  record  which  is  usable. 
The  last  fringe  in  the  record  is  often  a  partial  one, 
obtained  when  the  oil-film  has  become  extremely  thin. 
It  is  usually  discarded.  The  initial  fringes  "emerge" 
from  noise  induced  by  the  surface  capillary  waves, 
which  migrate  downstream  as  the  oil-film  begins  to 
thin.  In  high-shear  flows  where  each  additional  fringe 
is  valuable,  it  is  very  important  to  make  use  of  as 
many  of  these  initial  fringes  as  is  practical. 
Unfortunately,  no  explicit  rules  can  be  stated  other 
than  the  fact  that  experience  is  required  to  make  this 
choice  properly.  The  approach  given  in  Refs.  49, 118, 
and  123  has,  to  some  extent,  been  superseded. 
Interested  readers  are  referred  to  Ref.  122  (still  in 
preparation  at  the  time  of  this  writing)  for  more 
information  on  this  issue. 

Occasionally,  distorted  or  corrupted  fringe  records 
occur  with  this  instrument  for  no  obvious  reason. 


This  is  suspected  to  be  due  to  dust  particles  on  the  oil 
film,  etc.  Corrupted  fringe  records  are  usually  easy  to 
identify  by  visual  inspection,  and  should  be  discarded. 
Even  the  best  fringe  records,  however,  are  subject  to 
random  electronic  noise,  vibration- induced  noise,  etc. 
It  is  fortunate  that  most  of  this  noise  is  well  above  the 
comparatively- low  frequency  of  the  fringes,  so  filtering 
is  effective.  Digitized  fringe  records  are  thus  routinely 
smoothed  by  repeated  application  of  an  adjacent-point 
averaging  algorithm  until  a  "clean"  signal  remains. 

The  LISF  data  reduction  equation  (Ref.  113),  derived 
from  the  Navier-Stokes  equation  and  assuming 
constant  wall  shear  stress,  is: 


(17) 

k 

where  N’  =  effective  fringe  number,  t’  =  effective  oil 
flow  time,  n  =  oil  refractive  index,  p  =  oil  density,  X 
=  laser  wavelength,  u  =  oil  viscosity,  and  r  =  oil 
refraction  angle. 

Eqn.  17  requires  a  correction  for  the  effect  of  variable 
wall  temperature  on  u,  such  as  that  described  in  Ref. 
118.  This  correction  is  critical  to  LISF  measurements 
in  high-speed  flows,  since  a  1°  C  change  m  T„  causes 
about  a  2%  change  in  u.  It  is  likewise  important  to 
know  your  oil,  whence  Kim  et  al.  had  the 
viscosity-temperature  characteristics  of  a  sample  of 
5C0-ccntistoke  silicone  oil  determined  by  a 
professional  testing  laboratory  to  an  accuracy  of  better 
than  1%  over  their  wall-temperature  range. 

In  Ref.  118,  Kim  and  Settles  found  that  the  wall 
temperature  in  the  interaction  region  of  interest  was, 
to  first  order,  dependent  only  upon  time  from  the 
beginning  of  the  wind  tunnel  run.  It  was  thus  possible 
to  fit  an  expression  to  the  temperature-time  data  and 
use  this  to  form  an  expression  for  v{t).  This  was  next 
used  to  "correct"  the  time  base  of  the  LISF  fringe 
record  in  order  to  produce  a  distorted  fringe  record 
with  constant  effective  T,  conditions.  That  approach 
was  workable,  but  not  as  straightforward  as  it  might 
be.  A  more  direct  approach  is  to  rederive  from  first 
principles  an  expression  similar  to  Eqn.  17,  but  in 
which  it  is  assumed  a  priori  that  v  =  j/(t).  This  was 
done  by  Monson  (Ref.  125),  with  the  result: 


= 


2npv^cos(r) 


v(0 


dt 


(18) 


where  i/,  is  a  known  reference  viscosity  at  a  certain 
temperature.  Eqn.  18  can  be  integrated  numerically 
when  t/(t)  is  known,  thus  effecting  a  more  direct 
solution  to  the  issue  of  the  variable  T„  effect  than  that 


i-:v 


of  Ref.  118.  (For  more  information  on  this  approach, 
see  Ref.  122.) 


Fig.  40  -  Fringe  Number  vs.  Time,  Comparing  Data 
and  Curvefit. 


The  experimental  data  of  fringe  number  vs.  time  are 
next  compared  with  oil  lubrication  theory,  as  shown  in 
the  example  of  Fig.  40  for  a  high-shear  case  where  r„ 
=  577  N/m.^  A  least-squares  curvefit  of  the  data  to 
the  lubrication  theory  (N  a  1/t)  is  performed, 
followed  by  a  computation  of  the  "goodness-of-fit”  of 
the  curve  to  the  data.  The  inclusion  of  additional, 
possibly-questionable  fringes  at  the  beginning  or  end 
of  the  fringe  record  may  by  judged  by  their  effect  on 
the  overall  goodness-of-fit.  Finally,  the  essence  of  the 
data  as  represented  by  the  curvefit  of  fringe  number 
vs.  time  (or  related  quantities),  is  used  in  Eqn.  18  to 
calculate  r„.  The  4  fringes  represented  in  Fig.  40  are 
the  smallest  number  required  for  acceptable  r,  accur¬ 
acy  according  to  Ref.  122,  despite  the  earlier  claim  of 
Ref.  49  that  2  fringes  could  be  made  to  suffice. 

Before  is  found,  however,  two  further  corrections 
(Refs.  113  and  114)  are  required  in  principle,  since 
the  oil  film  in  swept  interaction  experiments  is  subject 
to  both  pressure-  tmd  shear-gradients.  The  pressure- 
gradient  correction,  per  Ref.  113,  was  evaluated  in  the 
work  of  Kim  et  al.  through  interpolation  of  p„ 
measured  at  pressure  taps  near  the  constant-radius 
LISF  measurement  arc  on  their  flat  plate.  It  was 
found  that  the  pressure-gradient  correction  for  the 
experiments  of  Kim  et  al.  amounted  at  most  to  ± 
0.1%,  which  is  negligible.  This  fact  is  significant  in 
that  pressure-gradient  errors  are  controlling  factors  in 
most  other  methods  of  skin  friction  measurement 
(Refs.  109  and  110).  However,  it  cannot  be  stated 
categorically  that  the  LISF  pressure-gradient 
correction  will  always  be  negligible  in  all  experiments. 
Two-dimensional  interactions,  for  example,  could 
produce  pressure  gradients  large  enough  to  make  this 
correction  significant. 

Per  Monson,  Driver,  and  Szodruch  (Ref.  114),  the 
shear-gradient  correction  is  quite  simple  for  the 
single-beam  LISF  technique.  The  correction  is 
required  if  there  is  a  significant  change  in  from  the 


oil-film  leading-edge  to  the  laser-beam  measurement 
spot.  This  correction  has  a  form  (see  Refs.  114  and 
118)  such  that  it  is  accomplished  by  an  effective  shift 
of  the  measurement  point  along  the  surface  streamline 
direction.  However,  for  the  experiments  of  Kim  et  al. 
wherein  As  -  2  mm,  the  required  shift  is  only  0.5  mm, 
which  is  negligible.  In  gener^ll,  a  shear-gradient 
correction  may  always  be  avoided  in  single-beam  LISF 
measurements  if  As  is  kept  small,  which  it  should  be 
anyhow  for  purposes  of  surface -wave  avoidance  in 
most  cases. 

6,6.4  Preston-Tube  Comparison 
Simple  experimental  techniques  like  the  Preslon-tube 
(Refs.  109  and  110)  were  decried  at  the  beginning  of 
this  section  for  purposes  of  skin  friction  measurement 
beneath  swept  interactions.  This  was  because  the 
Preston-tube,  actually  a  surface-pitot  tube,  depends 
upon  the  logarithmic  law-of-the-wall  for  the 
calibration  which  relates  its  output  to  c,.  One  may  not 
necessarily  expect  the  log-law  to  hold  in  the  complex 
swept-interaction  flows  described  in  this  paper. 

Nonetheless,  M.  Rubesin  of  NASA-Ames  Research 
Center  suggested  that  it  would  be  enlightening  to 
determine,  by  comparison  with  LISF  data,  whether  or 
not  the  Preston-tube  has  any  validity  in  a 
shock/boundary-layer  interaction.  This  challenge  was 
accepted  by  Kim,  Lee,  and  Settles  (Ref.  126),  who 
applied  the  Preston  tube  to  estimate  c,  in  a  sharp-fin- 
gcneraled  swept  interaction  at  Mach  4  and  a  =  16°. 
The  LISF  skin  friction  data  for  this  case  had  already 
been  obtained  as  described  previously  and  shown  in 
Fig.  13. 

For  the  Preston  tube,  a  stainless  steel  hypodermic 
tube  having  a  circular,  squared-off  end  was  used.  The 
inner  diameter  was  0.457  mm  and  the  outer  diameter 
was  0.813  mm,  yielding  a  diameter  ratio  of  about  0.6. 
The  ratio  of  the  Preston  tube  outer  diameter  to  the 
incoming  boundary  layer  thickness  was  about  0.27. 
The  Preston-tube  impact  pressure  and  the  corres¬ 
ponding  wall  pressure  were  measured  at  each  of 
eleven  locations  within  the  interaction. 


Fig.  41  -  Comparison  of  LISF  and  Preston  Tube  c,. 
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A  comparison  of  Preston-tube  skin  friction  results, 
obtained  using  the  Bradshaw-Unsworth  (Ref.  127)  and 
Keener-Hopkins  (Ref.  128)  calibrations,  with  the  LISP 
data  is  shown  in  Fig.  41.  Both  Preston-tube  methods 
are  in  reasonable  agreement  with  the  LISP  data,  so 
long  as  isentropic  flow  rather  than  the  Rayleigh  pitot 
formula  is  used  in  calculating  the  Preston-tube  Mach 
number  in  the  case  of  the  Hopkins-Keener  calibration. 
This  is  surprising,  since  the  validity  of  hese 
calibrations  in  separated  flows  is  highly  questionable. 

Unfortunately,  this  comparison  of  techniques  is  thus 
rendered  somewhat  anticlimactic.  The  evidence 
shown  in  Fig.  41  is  not  strong  enough  to  warrant  a 
general  recommendation  that  the  Preston  tube  may  be 
usable  in  compressible  separated  flows,  even  with 
restrictions  on  the  choice  of  calibration.  More 
experiments  of  this  sort  in  a  wider  range  of 
interactions  would  be  required  to  decide  the  general 
applicability  of  Preston  tube  in  such  flows. 

6.7  Heat  Transfer  Measurements 

Experimental  heat  transfer  is  a  very  broad  field. 
Many  techniques  have  been  developed  by  previous 
investigators  to  measure  aerodynamic  heat  transfer,  no 
single  approach  having  clearly  gained  the  upper  hand. 
General  references  (Refs.  129-132)  are  available  on 
these  conventional  heat  transfer  measurement  tech¬ 
niques  and  instruments.  The  present  scope  only 
allows  a  discussion  of  certain  techniques  of  interest  in 
cold-flow  facilities,  where  the  heat  transfer  signal 
being  measured  may  sometimes  be  quite  weak,  and  in 
blowdown  facilities  where  the  testing  time  is  limited. 

6.7.1  Thin- Film  Gages 

The  development  of  evaporated  metallic-film  coating 
technology  in  other  fields  has  spawned  ihin-film  gages 
which  arc  becoming  widely  used  in  aerodynamic 
testing.  Because  of  its  high  sensitivity  and  fast 
response,  the  thin-film  gage  is  applied  in  a  variety  of 
ways.  It  can  measure  highly-transient  surface  tem¬ 
peratures,  it  can  be  used  as  a  calorimeter  gage,  or  it 
can  constitute  the  sensing  element  in  a  multilayer 
"sandwich"  gage.  Epstein  et  al.  (Ref.  133)  used  such 
gages  to  measure  the  heat  flux  to  a  transonic  turbine, 
while  Hayashi  et  al.  (Ref.  134)  first  used  them  to 
measure  heat  flux  in  a  shock/boundary  layer  inter¬ 
action.  Thin-film  gages  have  also  been  used  in 
transition  detection  studies  {eg  Johnson  et  al..  Ref. 
135).  Although  the  thin-film  technique  has  versatility, 
accuracy,  and  fast  response,  its  fabrication  by 
microlithographic  techniques  is  expensive.  The 
resulting  thin-film  sensors  further  need  care  in 
handling,  annealing  to  prevent  drift,  and  highly- 
accurate  calibration  procedures. 

6.72  Resistance  Heater  Methods 

For  heat  transfer  measurements  in  unheated,  cold- 

flow  facilities  it  is  apparent  that  external  heating  or 


cooling  is  needed,  since  a  sufficient  difference  between 
the  surface  temperature  and  the  adiabatic  wall 
temperature  is  critical  to  the  signal-to-noise  ratio  ol 
the  measurement.  (Such  was  the  ca.se  in  the 
experiments  of  Lee  el  al..  Refs.  57  and  59.  discussed 
earlier.)  Though  cooling  by  way  of  a  circulated 
refrigerant  has  been  attempted  in  the  past,  Lee  el  at. 
chose  heating  by  an  embedded  resistance  heater  as 
the  simples;  means  to  vary  the  surface  iem|'>erature. 

The  resistance  healer  method  is  the  most  widely -used 
technique  to  apply  external  heating  for  steady -state 
heat  flux  measurements.  A  heating  element  inside  the 
surface  of  a  test  model  generates  eniiugh  heal  to  raise 
the  surface  tempicralure  significantly.  During  a  le.sl 
the  electrical  power  input  to  the  healer  equals  the 
convective  heat  transfer  from  the  model  surface  at 
steady-state.  By  measuring  the  liKal  surface  tempera¬ 
ture  and  applying  the  heat  convection  equation 
(Ne-vton’s  law  of  ciwling),  the  heal  transfer  coefficient 
can  thus  be  calculated. 

For  example,  Simonich  and  Moffat  (Ref.  l.Vi)  used  a 
thin  gold-film  resistance  heater  to  generate  a  uniform 
heat  flux,  and  cholesteric  liquid  crystals  to  sense  the 
resulting  surface  temperature  distribution, 
Hippensteele  et  al.  (Ref.  137)  evaluated  commer- 
cially-avaiiable  elements  for  use  in  the  resistance 
heater  technique.  Abuaf  et  al.  (Ref.  138)  used  a 
resistance  heater/liquid  crystal  combination  to 
measure  the  heat  transfer  distribution  in  a  jet 
impingement  experiment.  Eibeck  and  Eaton  (Ref. 
1.39)  used  thermocouple  measurements  beneath  a  foil 
heater  element  to  investigate  the  heal  transfer  effect 
of  a  longitudinal  vortex  in  a  turbulent  boundary  layer. 

However,  these  methods  had  been  used  only  for 
relativciy-low-specd  flows  until  recently.  Higher  heat 
generation  rates  and  accurate  multipoint  surface 
temperature  measurements  are  needed  for  high-speed 
flow  experiments.  In  the  work  of  Lee  et  al.  (Refs.  57 
and  59),  it  was  attempted  to  combine  the  above  heat 
transfer  measurement  technologies  to  obtain  a  high- 
resolution,  steady-state  measurement  technique  for 
high-speed  flow  in  a  near-adiabatic  wind  tunnel 
facility.  Further,  in  order  to  obtain  high-spatial- 
resolution  data  with  a  modest  number  of  discrete 
gages,  the  inherent  quasiconical  symmetry  of  sharp- 
fin-generated  interactions  was  exploited  as  well. 

6.7 J  Flat  Plate  for  Heat  Transfer  Measurements 
The  Penn  State  flat  plate  for  heat  transfer 
measurements,  discussed  in  Refs.  57  and  59  and  dia¬ 
grammed  in  Fig.  42,  is  a  "sandwich"  consisting  of  a  top 
sheet  of  RTD  (Resistance  Temperature  Detector) 
sensors,  a  foil  heater,  an  insulation  board,  and  a 
stainless  steel  supporting  plate.  A  few  thermocouples 
are  also  distributed  inside  the  insulation  board.  Heat 
is  generated  by  the  foil  heater  and  the  surface 


temperature  distribution  is  measured  by  the  RTD 
sensors.  The  heat  convected  to  the  flow  at  steady- 
state  equals  the  total  heat  generated  by  the  heater 
(V^R)  minus  the  heat  loss  through  the  insulation 
board.  However,  the  adiabatic  wadi  temperature  is 
al.so  needed  in  the  calculation  of  a  heat  transfer 
coefficient,  and  is  indirectly  measured  as  described  in 
a  later  section. 


Fig.  42  -  Diagram  of  Multilayer  Construction  of  Flat 
Plate  for  Heat  Transfer. 
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Fig.  43  •  Magnified  Image  of  RTD  Sensor  (jcomcfry. 


6.7.4  RTD  Surface  Temperature  Sensors 
Custom-made  thin-film  RTD  sensors  were  vacuum- 
deposited  on  a  plastic  substrate  by  NASA- Langley 
Research  Center  staff  using  microlithographic 
fabrication  techniques.  These  thin-film  sensors  can 
measure  accurate  surface  temperatures  without 
disruption  of  the  flowfield  and  have  a  high  frequency 
response.  However,  only  steady-state  measurements 
were  carried  out  by  Lee  et  al. 

Each  of  the  37  RTD  sensors  consists  of  a  Nickel-film 
resistance  thermometer  of  about  lOOOA  thickness 
deposited  on  the  50  pm  thick  Kapton  polyimide 
substrate  sheet.  The  sheet  itself  is  then  attached  to 
the  flat  surface  of  the  foil  heater  using  laminating 
epoxy  cement.  Nickel  is  chosen  as  the  sensing 
element  because  of  its  relatively-high  sensitivity  and  its 
excellent  adhesion  characteristics  in  thin-film  applica¬ 
tions.  The  sensor  geometry  is  the  square  1x1  mm 
serpentine  pattern  shown  in  Fig.  43.  This  pattern 
maximizes  the  sensor  length  in  a  small  surface  area, 
thus  producing  a  high  room-temperature  resistance 
(65  0),  a  high  signal-to- noise  ratio,  and  effectively  a 
"point"  surface  temperature  measurement.  Low- 
resistance  6  /rm-thick  copper-film  leads  are  also 
deposited  from  each  sensor  to  the  edge  of  the 


polyimide  sheet.  These  leads  are  individually  soldered 
to  a  37-conductor  coaxial  cable,  which  is  then 
connected  to  a  specially-designed  .17-channel  signal- 
conditioner  outside  the  wind  tunnel  lest  section 

To  utilize  the  quasiconical  nature  of  the  fin 
interaction,  a  double-circular-arc  distribution  of  the  37 
temperature  sensors  (at  radii  of  86.4  mm  and  *11.4  mm 
from  the  fin  leading  edge)  is  chosen,  as  shown  in  Fig. 
44.  in  terms  of  the  azimuthal  angle  these  gages  are 
spaced  at  a  2°  angular  separation  from  =  6°  to  78°, 
allowing  high  spatial-resolution  data  to  be  obtained. 


Fig.  44  -  Image  of  .37-RTD  Sensor  Arc  on  Flat  Plate. 


6.7J  Healer 

Two  types  of  heating  methods  arc  commercially 
available;  the  surface  resistance  heater  method  and 
the  radiation  method.  The  radiation  method  utilizes 
external  quartz  lamps  placed  outside  the  test  section 
and  focused  upon  the  model.  In  general  it  is  a  costly 
and  difficult  technique.  Surface  resistance  heaters,  on 
the  other  hand,  are  widely  used  becau.se  of  their 
relalively-low  cost  and  easy  application.  With  this 
approach  the  model  is  healed  by  a  resistance  foil 
imbedded  in  the  model  surface. 

There  were  four  major  requirements  for  the  heater  in 
the  experiments  of  Lee  et  al.:  (1)  High  heat  flux 
should  be  generated  because  of  the  large  convective 
heat  transfer  expected  in  high-speed  flows.  (2)  The 
heat  efflux  should  be  uniform  over  the  surface  of 
interest.  (3)  For  quick  heating  during  a  typical  wind 
tunnel  run  of  about  30  seconds,  the  thermal  mass  of 
the  heater  should  be  as  small  as  possible.  (4)  The 
surface  of  the  heater  should  be  flat  and  smooth,  since 
the  RTD  sheet  is  mounted  upon  it  and  is  exposed  to 
the  flow. 

Commercially-manufactured"unetched-foirheaters,as 
used  in  a  variety  of  experiments  (Refs.  136-139), 
showed  quite  satisfactory  results  in  terms  of  uniform 
heat  flux  and  easy  application.  However,  all  these 
heaters  were  though’  o  be  unsuitable  for  present 
purposes  because  their  resistances  were  too  low  to 


generate  sufficient  heat  flux  without  requiring  an 
unreasonable  electrical  current  flow.  Instead,  Lee  et 
al.  (Refs.  57  and  59)  used  an  Inconel  "etched-foil” 
heater.  This  heater  is  thin  and  flexible,  consisting  of 
an  etched-foil  resistive  element  laminated  between 
layers  of  flexible  insulation.  It  also  has  a  thin 
aluminum  foil  over  the  top  surface  of  the  heating  ele¬ 
ment  to  enhance  uniform  heating.  Custom-made  by 
Minco  Products  Inc.,  it  is  0.25  mm  thick  and  its  room 
temperature  resistance  is  21.6  fl.  Using  a  laminating 
epoxy  cement,  it  is  “sandwiched"  between  the  RTD 
sheet  and  the  insulation  board  (see  Fig.  42).  In 
retrospect,  the  choice  of  this  etched-foil  heater  may 
have  been  ill-advised,  since  later  results  indicated  that 
its  uniformity  of  heat  efflux  was  poor. 

The  foil  heater  is  powered  through  leadwires 
connected  to  an  AC  variable  transformer  which  is 
capable  of  an  output  voltage  up  to  280  V  and  a 
current  up  to  15  A.  The  voltage  applied  to  the  healer 
is  recorded  during  testing. 

6.7.6  Insulation  Board 

The  heat  generated  by  the  heater  can  be  transferred 
to  the  surroundings  by  conduction,  convection  and 
radiation.  However,  in  the  experiment  of  Lee  et  al. 
radiation  was  negligible  because  the  temperature  is 
near-ambient.  Thus  a  portion  of  the  heat  energy  at 
steady-state  is  assumed  to  be  convccted  to  the  flow 
over  the  plate  while  the  remainder  is  conducted 
through  the  insulation  board  underlying  the  heater. 
(1-D  heat  flow  with  no  lateral  conduction  is 
presumed.)  A  good  insulator  is  thus  needed  to 
minimize  the  conduction  loss.  The  insulator  should 
further  be  rigid  enough  to  support  the  heater  during 
exposure  to  high-shear  flows,  and  should  be  machined 
for  surface  flatness. 

"Rexolite"  plastic  was  chosen  for  this  purpose.  It  has 
a  low  thermal  conductivity  (0.00035  cal/sec/cm/°C) 
and  also  satisfies  the  stated  mechanical  requirements. 
A  4.76  mm-thick  "Rexolite  1422"  sheet  was  purchased 
from  Almac  Plastic  Corp.  and  was  machined  to  size. 
After  attaching  the  heater  and  RTD  sheet  to  the 
insulation  board  using  the  "vacuum  bagging"  technique 
(see  Ref.  59),  the  entire  assembly  was  installed  on  the 
stainle.ss-steel  flat  plate.  Also,  to  measure  the  tem¬ 
perature  change  of  the  insulation  board,  three  quick- 
response  thermocouples  were  installed  on  its  top  face 
and  two  more  on  its  bottom  face. 

6.7.7  Signal  Conditioning 

The  RTD  .sensors,  which  are  at  the  heart  of  this 
experiment,  measure  temperature  by  the  change  of 
resistance  of  a  sensing  element  according  to  a  prior 
calibration.  To  measure  the  resistance,  it  is  necessary 
to  provide  a  constant  current  flow  to  the  RTD  during 
an  experiment.  A  signal-conditioning  instrument  was 
designed  and  fabricated  for  this  purpose,  consisting  of 


37  sets  of  constant-current  sources  (1.5  mA), 
amplifiers,  and  low-pass-filters  for  each  of  the  37 
RTD  channels.  For  the  calibration  of  the  RTDs,  the 
internal  heater  of  the  plate  and  a  piecision 
thermocouple  are  used.  The  heater  elevates  the 
temperature  of  the  RTDs  and  this  temperature  is 
measured  by  the  thermocouple.  To  maintain  a 
uniform  temperature  over  all  sensors,  a  large- 
aluminum  block  in  which  the  thermocouple  is  installed 
is  placed  on  top  of  the  plate  and  the  entire  assembly 
is  allowed  to  reach  thermal  equilibrium  before- 
calibration  data  are  read. 

6.7.8  Data  Accjuisition 

A  LeCroy  digital  waveform  recorder  controlled  by  a 
386-class  microcomputer  is  used  for  data  acquisition. 
This  system  has  12  channels  of  high-speed  sampling 
capability  al  rates  up  to  5  Mhz  and  32  channels  of 
relatively-low-speed  data  sampling  at  rates  up  to  s 
Khz.  All  these  channels  utilize  12-bit  digitization.  The 
"A.SYST"  software  package  is  employed  for  data 
handling.  During  experiments,  signals  from  the  RTD 
sensors  and  thermocouples  of  the  heat  transfer  model, 
as  well  as  signals  from  the  wind  tunnel  stilling 
chamber,  are  all  simultaneously  recorded  on  the 
LeCroy  system. 

6.7.9  Data  Reduction 

The  present  heat  transfer  measurement  technique 
requires  an  accurate  determination  of  all  the  terms  in 
the  definition  of  the  Stanton  number,  c.  : 


q" 

conv 


(19) 


where  h  is  the  convective  heat  transfer  coefficient,  T„ 
is  the  surface  temperature  of  the  flat  plate,  T,„  is  the 
adiabatic  wall  temperature,  p^,  Cp  are  the  density, 
velocity  and  specific  heat  of  the  freestream,  respective¬ 
ly,  and  q"co„v  (W/m^)  is  the  heat  convccted  to  the  flow. 
Except  for  T.„  which  is  directly  measured  by  the  RTD 
sensors,  all  terms  in  Eqn.  19  must  be  determined 
indirectly  from  measured  values.  In  particular,  the 
accurate  determination  of  both  q'„,„,  and  T,„  is 
essential,  since  these  parameters  principally  determine 
the  accuracy  of  the  Stanton  number.  They  are, 
however,  not  easy  to  measure.  T^  is  usually  never 
reached  during  the  brief  tests  characteristic  of  a 
blowdown  wind  tunnel  facility,  even  on  an  insulating 
model.  Further,  the  variation  of  temperature  within 
the  insulation  board  is  quite  complex  during  a  test  due 
to  changing  stagnation  temperature  and  heater 
voltage,  requiring  that  a  special  calculation  be 
performed. 


6.7.1C  Conduction  Loss  Calculation 

From  the  measured  voltage  applied  to  the  foil  heater 

and  its  resistance,  its  heat  efflux  is  easily  calculated. 
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However,  it  was  already  noted  that  not  all  of  this  heat 
efflux  is  convected  to  the  flow.  There  is  also  a 
conduction  loss  through  the  insulation  board  which 
must  be  determined.  is  then  calculated  by 

subtracting  this  conduction  loss  from  the  heat  efflux 
produced  by  the  heater.  The  conduction  loss  is  calcu¬ 
lated  using  the  measured  RTD  temperature  and  the 
bottom  temperature  of  the  insulation  board  by  solving 
the  time-dependent  1-D  heat  diffusion  equation  with 
an  imbedded  heat -source  layer: 


dt 


dx  dx 


(20) 


where  t  is  time,  x  is  depth  into  the  plate  mea.sured 
normal  to  the  top  surface  of  the  RTD  sheet  (see  Fig. 
45),  and  D,  p,  and  Cp  are  the  thermal  diffusivily, 
density,  and  specific  heat  of  the  multi-layered 
components  of  the  plate,  respectively.  Also  g  (W/m^) 
is  the  rate  at  which  heat  is  generated  per  unit  volume 
of  the  foil  heater.  The  measured  time-dependent 
RTD  and  insulator-bottom  temperatures  serve  as 
boundary  conditions,  and  a  constant-temperature 
initial  condition  throughout  the  plate  is  both  assumed 
in  the  solution  and  forced  in  the  actual  experiment  by 
allowing  adequate  time  for  thermal  equilibration 
between  tests. 
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normal  to  the  plate  surface.  Lateral  conduction 
effects  were  estimated  in  Ref.  59  and  found  to  be,  at 
worst,  to  30%  of  the  normal  conduction,  which 
is  itself  on  the  order  of  10%  of  the  total  heat 
produced  by  the  heater.  Accordingly,  no  correction 
has  been  carried  out  for  lateral  conduction. 

6.7.11  Adiabatic  Wall  Temperature 
In  the  experiments  of  Lee  et  al.  an  accurate 
evaluation  of  T„  was  a  most  critical  step,  since  T„  - 
T„  was  relatively  small  at  the  location  of  peak  heat 
transfer  in  the  swept  shock/boundary-layer 
interactions  under  study.  Although  most  previous 
experimental  studies  have  assumed  that  T„  is  constant 
beneath  such  interactions,  it  was  necessary  to  check 
that  assumption  in  order  to  maintain  the  accuracy  of 
the  heat  transfer  results. 

There  are  two  methods  generally  used  to  measure  T„: 
the  "direct"  method  and  the  "indirect"  or  extrapolation 
method.  The  direct  method  measures  T,,  directly 
upon  an  insulated  model  after  thermal  equilibrium  is 
reached  (Refs.  140-142).  However,  in  most  of  these 
cited  cases  the  required  tunnel  run  time  was  quite 
long,  which  is  not  possible  for  tests  in  a  blowdown 
wind  tunnel. 


Fig.  45  -  Diagram  for  Computation  of  Conduction 
Loss  into  Flat  Plate. 

The  numerical  solution  of  Eqn.  (20)  yields 
temperature  vs.  time  for  49  nodes  within  the  plate, 
from  which  the  time-dependent  conduction  loss  to  the 
insulation  board,  q'^  (W/m^,  is  obtained  from 
Fourier’s  law: 


(21) 


using  the  first  two  node  temperatures  at  the  top  of  the 
insulation  board  to  form  the  gradient,  (k  is  the 
thermal  conductivity  of  the  insulation  board.)  Of 
course,  this  procedure  accounts  only  for  conduction 


Fig.  46  -  Example  of  the  Determination  of  Adiabatic 
Wall  Temperature. 

Neumann  and  Hayes  (Ref.  56)  discuss  the  general 
problem  of  recovery  temperature  measurement  and 
present  a  classical  way  to  solve  it.  This  method 
involves  making  several  heat  flux  measurements  at 
different  wall  temperatures.  Since  the  Heat  flux  is 
linear  with  T„  so  long  as  the  heat  convection 
coeflicient  is  constant,  a  linear  fit  to  the  data  can  be 
extrapolated  to  the  temperature  at  which  zero  heat  is 
convected  to  the  flow,  which  is  identically  T„.  Lee  et 
al.  (Refs.  57  and  59)  employed  this  "indirect"  method, 
obtaining  results  which  are  typified  by  Fig.  46  for  the 
case  of  a  sensor  located  in  the  flat  plate  boundary- 


1-34 


layer  at  =  4.0.  Six  different  heating  rates  show 
the  expected  linear  variation  with  wall  temperature 
which,  upon  extrapolation,  yields  a  flat-plate  recovery 
factor  of  0.90.  This  is  sufficiently  close  to  the  classic^ 
value  of  0.89  which  is  expected  for  supersonic 
turbulent  boundary-layers.  A  95%  confidence  interval 
is  also  shown  on  the  data  in  Fig.  46,  which  is  used  for 
the  error  analysis  of  the  measurements. 

6.7.12  Data  Reduction  Program 

A  heat  transfer  data  reduction  program  was  written  by 
Lee  (Ref.  59)  to  implement  the  procedures  described 
above.  The  program  was  written  in  the  FORTRAN 
language,  and  runs  on  a  386-class  microcomputer.  It 
accepts  as  input  42  data  channels  and  processes  data 
for  6  different  heating  rates  of  the  imbedded  foil 
heater,  thus  producing  a  total  of  252  data  files.  The 
program  then  calculates  the  distribution  of  c,,  at  35 
different  locations  of  the  RTD  sensors  in  the  swept 
interaction  under  study.  For  each  RTD  location  the 
calculation  procedure  is  executed  in  time,  with  0.05 
sec  time  steps  beginning  at  the  start  of  the  wind 
tunnel  run.  The  calculation  procedure  is  as  follows; 

1)  The  heat  efflux  generated  by  the  heater,  ^  is 
calculated. 

2)  Eqn.  20  is  solved  for  49  nodal  temperatures  in  the 
flat  plate. 

3)  The  heat  loss  to  the  insulation  board  is  obtained 
by  solving  Eqn.  21. 

4)  From  g,  q"h«,wr  ‘S  determined  by  multiplying  by 
the  surface  area  of  the  heater.  The  heat 
convected  to  the  flow  is  then  calculated  by 
subtracting  the  calculated  conduction  loss  from 

9  bes.er  ’ 

5)  T„  is  calculated  by  the  indirect  method  described 
above. 

6)  The  wind  tunnel  freestream  properties  are 
calculated. 

7)  Finally,  mean  c^  values  are  calculated  at  each 
sensor  /9-location  by  averaging  the  data 
over  a  5  sec  period  near  the  end  of  the 
wind  tunnel  run,  where  it  is  assumed  that 
a  steady-state  condition  exists. 

6.7.13  Error  Analysis 

The  uncertainty  of  each  variable  in  the  above  process 
contributes  to  the  total  uncertainty  of  the  final  result. 
As  Coleman  and  Steele  (Ref.  143)  suggest,  the  total 
uncertainty  of  the  present  measurements  is  deter¬ 
mined  by  calculating  and  combining  the  "root-sum- 
squares"  of  the  uncertainties  of  each  variable  in  the 
data  reduction  equation.  This  calculation  indicates  a 
maximum  total  uncertainty  in  c^  of  about  ±10%  for 
the  5  different  swept  interaction  cases  which  were 
measured  by  Lee  et  al.  The  error  bars  which  were 
shown  on  Lee’s  data  points  in  Fig.  12  reflect  this 
uncertainty  estimate. 


Fig.  47  -  Temperature  Variations  Without  Heating  for 
Mach  4,  a  =  16°  Interaction. 


Fig.  48  -  Temperature  Variations  With  Heating  for 
Mach  4,  Or  =  16°  Interaction. 

6.7.14  Results 

Fig.  47  shows  the  time  variations  of  wall  temperature 
at  two  representative  RTD  sensor  locations  (fi  =  64°, 
located  outside  the  interaction,  and  20.8°,  located  at 
the  point  of  peak  heat  transfer)  in  the  Mach 
4,  a  =  16°  fin  interaction  without  heating.  Fig.  48 
shows  the  corresponding  case  with  heating,  where  the 
two  wall  temperatures  are  elevated  well  above  the 
adiabatic  wail  temperature.  The  "knees"  in  the 
variation  of  the  wall  temperatures  in  Fig.  48  (at  12.5 
sec)  are  due  to  a  deliberately-abrupt  change  of  the 
heating  rate  during  the  run,  which  was  required  to 
raise  the  plate  temperature  rapidly  at  the  beginning  of 
the  run  in  order  to  save  testing  time.  The  tunnel  stag¬ 
nation  and  adiabatic  wall  temperature  variations 
(calculated  under  the  assumption  that  the  recovery 
factor  equals  0.89  based  on  many  measurements  of 
high-speed  turbulent  boundary-layers)  are  also  shown. 
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Fig.  49  -  Comparison  of  Conduction  Loss 

Cidculations  for  Mach  4,  a  =  16°  Interaction. 


Fig.  50  -  Normalized  Heat  Transfer  Distribution  for 
Mach  4,  a  =  16°  Interaction. 

Fig.  49  shows  a  comparison  of  the  computed 
conduction  loss  through  the  insulation  board  at  the 
same  two  sensor  locations  (fi  =  64.0  and  20.8 ) 
for  the  same  interaction.  Similar  "knees"  at  12.5  sec 
me  also  seen  here.  At  the  location  of  peak  heat 
transfer  (P  =  20.8 )  the  conduction  loss  is  actually 
negative  at  the  end  of  the  tunnel  run  because  heat  is 
so  strongly  convected  to  the  flow  there. 

Fig.  50  shows  the  measured  heat  transfer  distribution 
in  the  Mach  4,  16°  fm  interaction  as  a  function  of  the 
azimuthal  interaction  angle.  The  computation  by 
Horstman  (Ref.  57)  is  shown  for  comparison.  Four 
other  interactions  were  similarly  measured  in  the  work 
of  Lee  et  al.  The  indicated  error  bars  reflect  the 
error  analysis  described  above.  Peak  heat  transfer 
rates  from  this  set  of  data  were  discussed  earlier  in 
this  paper  and  shown  in  Fig.  12. 
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1  SUMMARY 

Ebcperimental  and  numeric^,'  investigations  of  swept 
shock  wave  /  laminar  boundary  lajer  interactions  are 
reviewed,  ^perimental  investigations  show  that  the 
flowfield  is  characterized  by  an  extensive  primary  sep¬ 
aration  of  the  boundary  layer  upstream  of  the  inviscid 
shock  wave,  which  then  rolls  up  into  a  very  elongated 
vortex.  This  is  often  accompanied  by  secondary  and 
sometimes  higher  order  separations.  Similar  to  turbu¬ 
lent  interactioits,  the  flowfield  is  essentially  conical  as  far 
as  the  surface  flow  data  are  concerned  (surface  pressures, 
heat  transfer  and  skin  friction  patterns).  Also,  the  free- 
interaction  concept  introduced  for  turbulent  interactions 
is  shown  to  apply  to  laminar  interactions  as  well. 

Recent  LDV  flowfield  data  for  a  supersonic  interaction 
are  presented.  They  nicely  confirm  the  vortical  structure 
of  the  interaction  deduced  from  the  surface  data  as  well 
as  the  important  thickening  of  the  viscous  layer  due  to 
separation.  They  also  show  that  the  vertical  dimension 
of  the  interaction  does  not  obey  a  conical  similarity  rule 
but  rather  follows  the  classical  boundary  layer  scaling. 

Numerical  investigations  confirm  these  experimental 
findings.  None  of  these  has  however  been  carried  out 
with  sufficient  grid  resolution  so  as  to  demonstrate  grid 
convergence  and  code  validity,  in  particular  concerning 
the  location  of  separation  lines. 


2  INTRODUCTION 

The  interaction  of  shock  waves  with  boundary  layers  is 
one  of  the  basic  problems  of  supersonic  and  hypersonic 
aerodynamics,  and  has  both  fundamental  and  practical 
importance.  FVom  a  practical  standpoint,  it  is  really 
ubiquitous  and  strongly  influences  the  drag  of  airfoils 
and  airframes  in  general,  the  efficiency  of  controls,  the 
efficiency  of  air  intakes,  and  the  wall  heat  transfer  to 
hypersonic  vehicles,  to  name  just  a  few.  FYom  the  fun¬ 
damental  point  of  view,  it  represents  one  of  the  simplest 
occurrences  of  a  strong  viscous/inviscid  interaction  in¬ 
volving  separation,  and  therefore  an  ideal  test  case  for 
Navier-Stokes  solvers. 

For  all  these  reasons,  this  problem  has  attracted  consider¬ 
able  attention  over  the  last  fifty  years.  Initially,  the  focus 
has  been  on  two-dimensional  flow,  which  can  now  be  con¬ 
sidered  to  be  relatively  well  understood,  although  some 
difficulties  remain  in  their  numerical  prediction  especially 
at  hypersonic  speeds  [1]  and  also  in  the  understanding  of 
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the  unsteadiness  (see  companion  paper  by  D  Dolling) 
and  of  the  turbulence  behaviour  (see  companion  pafxrs 
by  J.  D^lery  and  by  D.  Vandromme).  Subsequently,  in¬ 
terest  has  shifted  towards  three-dimensional  interactions, 
in  particular  swept  interactions,  the  simplest  of  those  be¬ 
ing  produced  by  a  wedge  mounted  normal  to  a  flat  plate 
(Fig.  1).  The  research  in  this  area  has  been  presented 


Fig.  1:  Simplest  swept  shock  wavc/bo\mdary  layer 

interaction  configiiration  :  wedge  mounted 
normal  to  a  flat  plate 

in  two  major  reviews  by  Settles  and  Dolling  (2,  3].  Now, 
despite  extensive  research  in  this  field,  these  interactions 
are  still  only  partially  understood  and  important  contri¬ 
butions  are  still  coming  out  [4,  5].  In  two  companion 
lectures,  Profis  G.  Settles  and  D.  Knight  present  the  ma¬ 
jor  results  concerning  interactions  between  swept  shock 
wave  and  turbulent  boundary  layers  from  the  experimen¬ 
tal  and  numerical  points  of  view,  while  the  present  paper 
will  deal  with  their  laminar  counterpart. 

Now,  contrary  to  2D  interactions  where  laminar  inter¬ 
actions  are  extensively  documented  in  the  supersonic  as 
well  as  in  the  hypersonic  regimes,  there  exist  very  little 
data  about  supersonic  laminar  interactions  and  only  little 
more  in  the  hypersonic  regime.  In  addition,  most  of  the 
hypersonic  results  concern  symmetric  corner  flow  config¬ 
urations  which  have  a  somewhat  different  character.  As 
a  matter  of  fact,  the  scarcity  of  the  data  for  laminar  in¬ 
teractions  was  pointed  out  by  Settles  and  Dodson  [6]  in 
their  review  of  hypersonic  shock  wave/boundary  layer  in¬ 
teractions  data  sets. 

In  the  present  paper,  we  shall  thus  review  the  existing 
work  on  swept  shock  wave/laminar  boundary  layer  inter¬ 
actions,  including  flow  along  axial  corners,  as  well  as  some 
recent  unpublished  VKI  work.  Prom  the  limited  amount 
of  experimental  and  numerical  data,  the  flow  structure 
will  be  discussed  and  compared  to  the  turbulent  flow 
counterpart  and  finally  areas  where  additional  work  is 
needed  will  be  identified. 


3  FLOWFIELD  CONFIGURATIONS 

Swept  shock  wave/boundary  layer  interactions  may  ex¬ 
ist  in  various  flow  configurations.  As  mentioned  pre¬ 
viously,  the  most  simple  is  probably  the  case  of  the 
wedge  mounted  normal  to  a  flat  plate  parallel  to  the  flow 
(Fig,  1).  This  may  be  generahzed  by  substituting  the 
wedge  by  any  conical  shock  generator,  as  shown  in  Fig.  2. 
Particular  cases,  in  addition  to  the  normal  wedge,  are  the 


Fig.  2:  Arbitrary  conical  shock  generator 


symmetric  dihedron  (Fig.  3a),  the  asymmetric  dihedron 
(Fig.  3b)  and  the  half  circular  cone  (Fig.  4).  For  all 
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Fig.  4:  Half  circular  cone  shock  generator 

these  configurations,  there  is  only  one  inviscid  shock  wave 


produced  by  the  shock  generator  wluch  irnpatts  on  the 
boundary  layer  developing  on  the  flat  plate,  which,  being 
parallel  to  the  flow,  do*»b  not  produce  a  shock  wave  ext  epi 
the  (weak)  shock  due  to  leading  edge  viscous/ inviscid 
interaction.  Fhis  class  of  configurations  can  further  be 
subdivided  into  two  subclasses  depending  on  whether  the 
shock  generator  apex  lies  at  the  flat  plate  leading  edge  ' 
or  downstream  of  it.  The  former  case  will  be  called  an 
intake-type  configualion,  while  the  latter  will  be  called 
a  fin-type  configuration  This  problem  is  characterized 
by  an  extra  parameter,  i.e.  the  flat  plate  boundary  layer 
thickness  at  the  location  of  the  shock  generator  apex  or, 
more  appropriately,  the  Reynolds  number  based  on  ihis 
thickness. 

Another  class  of  configurations  is  obtaineti  from  the 
intake-type  configuration  by  setting  the  flat  plate  at  in 
cidcnce  with  or  without  leading  edge  sweepback  Such 
configurations  have  been  studied  exclusively  with  planar 
conical  shock  generators  and  arc  known  in  the  literature 
as  corner  flows.  Because  the  flat  plate  is  now  at  inci¬ 
dence,  it  also  produces  an  inviscid  shock  wave,  so  that 
the  flow  produced  by  such  configurations  is  character¬ 
ized  by  a  shock/shock  interaction  in  addition  to  shock 
wave/boundary  layer  interactions  on  both  planar  sur¬ 
faces.  These  configurations  have  been  mostly  studied  for 
symmetric  cases,  i  e.  when  both  planar  surfaces  have  the 
same  incidence  with  respixit  to  the  flow  and  leading  tdge 
sweepback  angle.  It  is  clear  from  the  previous  discussion 
that  the  intake-type  configuration  is  a  particular  case  of 
an  asymmetric  coriicr  .'low  conf.g'uratior.. 


The  characteristics  of  the  three  classes  of  configurations  is 
summarized  in  Table  1.  .Although  all  three  types  of  con- 


Configuration 

Fin-type 

Intake- type 

Corner 

#  of  shock 
generator  surfaces 

1 

1 

2 

.Nature  of  shock 
generator  surfaces 

any 

any 

planar 

Incoming 
boundary  layer 

Yes 

No 

.No 

Table  1:  Summary  of  swept  shock  wave/boundary 
layer  interaction  configurations 

figurations  will  be  discussed,  the  present  paper  will  em¬ 
phasize  the  fin-type  and  intake-type  configurations.  Pull 
details  about  the  corner  configurations  may  be  found  in 
the  excellent  review  paper  by  Hummel  [7]. 


4  EXPERIMENTAL  RESEARCH 
4.J  Literature  survey 

Initial  investigations  of  swept  shock  wave/laminar  bound¬ 
ary  layer  interactions  were  carried  out  by  Stainback  [8,  9] 
in  the  early  sixties  at  about  the  same  time  turbulent  in¬ 
teractions  were  first  studied  [10,  11].  Stainback  consid¬ 
ered  comer  configurations  where  both  surfaces  were  set 

*Such  configurations  are  those  of  Fig.  1-4  where  the  flat  plate 
leading  edge  is  moved  downstream  as  indicated  by  the  hatched 
lines 


at  zero  incidence  with  respect  to  the  flow  and  performed 
surface  pressure  and  heat  transfer  measurements  at  Mach 
5  and  8.  He  observed  strong  increases  of  both  parameters 
in  the  comer  region  with  respect  to  flat  plate  data, 

Charwat  and  Redekeopp  [12j  in  the  late  sixties  performed 
extensive  measurements  in  a  few  symmetrical  and  asym¬ 
metrical  comer  configurations  at  Mach  numbers  rang¬ 
ing  from  2.5  to  4.  Experimental  results  included  sur¬ 
face  flow  visualizations,  surface  pressure  measurements 
and  pitot  pressure  surveys.  The  emphasis  of  the  research 
was  mainly  to  characterize  the  outer  inviscid  flow  struc¬ 
ture.  Despite  the  nresence  of  strong  viscous  effects  due 
to  shock  wave/boundary  layer  interactions,  Charwat  and 
Redekeopp  found  the  flow  structure  to  be  conical  -  this 
behaviour  should  be  expected  for  pure  inviscid  flow  - 
except  close  to  the  leading  edge,  where  the  hypersonic 
interaction  partuneter  was  large.  Upon  analysis  of  their 
experimental  data,  they  proposed  the  following  flowfleld 
model  (Fig.  5).  The  individual  wedge  shocks  interfere  to 


Fig.  5:  Comer  flow  otructure  according  to  Charwat 

and  Redekeopp  [12] 

create  a  comer  shock.  This  comer  shock  interacts  with 
each  unperturbed  wedge  shock  at  a  so-called  triple  point, 
producing  an  embedded  transmitted  shock  impinging  on 
the  wedge  and  a  slip  line  running  into  the  intersection  of 
wedges.  On  each  wedge,  an  oil-accumulation  (separation) 
line  was  identified.  Charwat  and  Redekeopp  iiKlude  in 
their  iTKxlel  an  additional  (separation)  shock  emanating 
from  this  accumulation  line  and  running  into  the  triple 
point,  although  it  does  not  clearly  appear  in  their  experi¬ 
mental  data.  After  discussing  this  feature,  they  conclude 
that  it  must  be  an  essentially  inviscid  phenomenon. 

Corresponding  investigations  were  carried  out  at  hyper¬ 
sonic  speeds  by  Cresci  et  al.  [13]  (M  =  11.2)  and  by 
Watson  and  Weinstein  [14]  (A/  =  20)  on  symmetricaJ 
comer  configurations.  The  same  patterns  as  in  the  su¬ 
personic  investigation  of  Charwat  and  Redekeopp  were 
observed,  except  that,  because  hypersonic  boundary  lay¬ 
ers  are  much  thicker  and  shock  waves  lie  much  closer  to 
the  corner,  there  is  a  much  larger  viscous  influerKe  on  the 
shock  system  location.  Also,  because  of  increased  shock 
intensities,  more  extensive  separations  were  observed. 

In  his  IhTl  survey  paper,  Korkegi  [15]  reexamined  the 
Charwat  and  Redekeopp  results  and  suggested  that 
the  interference  flow  between  the  embedded  transmitted 
shock  and  the  oil  accumulation  line  was  due  to  boimdary 


layer  separation  rather  than  to  an  invist  id  interaction  as 
proposed  by  the  original  investigators 

To  clarify  this  issue  and  also  to  find  out  the  purely  invis 
cid  flow  structure.  West  and  Korkegi  [16]  studied  corner 
flows  at  .Mach  3  over  a  wide  range  of  Reynolds  numbers 
(from  0.4  to  60  10®).  They  observed  that  for  turbulent 
interactions  corresponding  to  Reynolds  numbers  larger 
than  3  10®,  the  wave  structure  determined  from  pitot 
pressure  surveys  was  virtually  independent  of  Reynolds 
number,  from  which  they  concluded  that  it  represents 
the  purely  inviscid  flow  structure  The  correctness  of  this 
conclusion  was  later  confirmed  by  the  numerical  studies 
of  Kutler  [17]  and  Marconi  [18],  whose  inviscid  results  are 
in  close  agreement  with  the  experimental  data  of  West 
and  Korkegi  as  will  be  shown  in  section  5  1  On  the 
contrary,  for  a  lower  Reynolds  number  corresponding  to 
laminar  flow,  displacement  effects  due  to  the  extensive 
separation  were  shown  to  result  in  an  outward  displace¬ 
ment  of  the  wave  structure. 

Another  major  finding  of  their  study  was  the  confirma 
tion  of  Korkegi’s  [15]  earlier  suggestion  that  the  interfer- 
ertce  flow  region  outboard  of  the  embedded  shock  resulted 
from  flow  separation  due  to  the  interaction  of  the  embed¬ 
ded  shock  with  the  boundary  layer  rather  than  from  an 
inviscid  phenomenon.  This  is  demonstrated  by  the  much 
greater  extent  of  this  region  for  laminar  flow,  which  is 
typical  of  the  much  greater  spread  of  separated  laminar 
flow.  It  is  worthwhile  noting  that,  notwithstanding  this 
viscous  nature,  the  flow  pattern  in  this  region  was  essen¬ 
tially  conical,  whether  the  boundary  layer  was  laminar  or 
turbulent. 

All  previous  investigations  concerned  corner  flow  configu¬ 
rations  and  most  of  them  were  symmetrical.  The  first  in¬ 
vestigation  of  an  intake-type  configuration  (if  one  excepts 
the  plate/plate  configurations  studied  by  Stainback  [8,  9]) 
was  performed  by  Cooper  and  Hankey  [19]  under  hyper¬ 
sonic  (M  =  12.5)  flow  conditions.  The  shock  genera¬ 
tor  was  an  unswept  15  degree  wedge.  The  objective  of 
their  investigation  was  to  determine  the  flow  structure 
for  a  case  in  which  the  dominant  phenomenon  is  the 
shock  wave/boundary  layer  interaction  rather  tnan  the 
shock/shock  interaction  for  comer  configurations,  and  to 
identify  regions  of  local  intense  heating,  a  very  signifi¬ 
cant  issue  for  hypersonic  flows.  Measurements  included 
oil  flow  visualizations,  surface  pressure  distributions  and 
pitot  pressure  surveys.  The  results  of  the  pitot  pressure 
surveys  revealed  that  the  interaction  of  the  weak  shock 
generated  by  the  viscous  interaction  at  the  flat  plate  lead¬ 
ing  edge  with  the  strong  wedge  shock  did  not  result  in 
a  wave  pattern  involving  a  comer  shock  with  two  triple 
points  as  observed  earlier  for  symmetric  comers  ([12,  16] 
-  see  also  Fig.  5)  but  rather  in  a  pattern  involving  a  single 
triple  point  (Fig.  6).  Such  a  pattern  was  later  to  be  ob¬ 
served  as  well  by  Rao  in  a  fin-type  configuration  at  Mach 
6  (unpublished  results  shown  in  [20]  -  see  F'ig.  7).  The 
pattern  proposed  by  Cooper  and  Hankey  (Fig.  6)  also  in¬ 
cludes  two  weak  (^  =  pressure  ratio  =  1.3)  compression 
waves  due  to  the  separation  of  the  plate  boundary  layer 
which  rolls  up  into  an  elongated  vortex.  Rao’s  vapour 
screen  visualization  (Fig.  7)  also  shows  the  elongated 
vortical  structure  due  to  the  separation  of  the  incom¬ 
ing  boundary  layer  but  no  separation  compression  wave 
is  visible.  Just  as  for  the  previous  studies  of  symmetri¬ 
cal  comers,  oil  flow  visualizations  revealed  an  essentially 
conical  flow  pattern  for  Coojjer  and  Hankey’s  intake-type 
configuration,  including  a  primary  and,  clearly  identified 
for  the  first  time,  a  secondary  separation  line.  Actually, 
a  close  look  at  Charwat  and  Redekeopp’s  results  allows 
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Fig  6:  f'low  structure  in  intake-type  configuration 

according  to  Cooper  and  Hankey  [19] 


Fig.  8:  Flow  structure  in  n.take-iype  contiguraiKin 

(from  [20]) 
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Fig.  7:  Vapour  screen  visualization  in  swept  shock 

wave/  laminar  boundary  layer  interaction 
(from  [20]) 


to  identify  a  secondary  separation  in  their  case  as  well. 
The  interpretation  of  the  separation  pattern  as  in  Fig.  6 
was  however  later  shown  to  be  incorrect  by  Korkegi  [21], 
the  correct  pattern  being  shown  in  Fig  8.  The  high  heat 
transfer  rates  encountered  in  such  interactions  [22]  is  then 
explained  by  the  attachment  process  of  fresh  outer  fluid 
along  the  reattachment  line  Al. 

A  systematic  study  of  hypersonic  comer  flow  con¬ 
figurations  was  then  performed  at  the  Institut  fur 
Stromungsmechanik  of  the  Technical  University  of 
Braunschweig  [23,  24,  25,  26,  7],  Experimental  results  in¬ 
cluded  surface  pressure  and  heat  transfer  measurements, 
oil  flow  visualizations  and,  most  importantly,  detailed 
pitot  pressure  surveys.  The  studies,  mostly  carried  out  at 
Mach  12.3,  examin^  the  effect  of  several  parameters  in¬ 
cluding  wedge  deflection,  leading  edge  sweepback  and  ax¬ 
ial  comer  angle  (also  called  dihedron  in  [12]).  The  results 
of  the  flow  surveys  were  analyzed  in  detail  and  compared 
with  the  flow  structure  reconstructed  from  a  few  key  data 
and  the  shock  wave  relations.  A  typical  example  of  such 
a  comparison  is  shown  in  Fig.  9.  The  agreement  is  seen 
to  be  excellent.  The  identified  flow  pattern  confirms  and 
refines  the  earlier  results  of  Charwat  and  Redekeopp  [12] 
and  West  and  Korkegi  [16],  clearly  exhibiting  clearly  the 
embedded  shock  (which  for  this  hypiersonic  flow  is  oblique 
rather  than  essentially  normal  in  the  former  supersonic 
experiments),  the  slip  line  from  the  triple  points  as  well  as 
the  primary  and  secondary  vortices  due  to  shock-induced 
boundary  layer  separation.  Worth  noticing  are  the  reflec¬ 


tion  of  the  enilx.’dded  .shock  on  the  s«  para.lc<.i  siicar  hi\cr 
as  an  expansion  fan  and  also  the  atisence  of  a  cumpri  s 
sion  shock  due  to  separation  but  rather  the  existence  .if 
a  smooth  compression  fan  The  very  high  heal  irans 
fer  rates  around  reattachment  are  then  explajni  d  by  liie 
impact  of  the  cross  flow  through  the  ('rnix'ddtxi  .s(ioi  k 
accelerated  by  the  reflected  expansion,  much  like-  m  ihe 
Edney  lypc  IV'  interaction  [27]  With  respect  to  thi  cori 
ical  character  of  the  flow,  the  measureinonts  coriiirrn  lhai 
the  flow  is  fairly  conical  for  values  of  the  liypi’rsonit  pa 

rameter  x  =  greater  than  around  3  or  1  Inereas 

ing  leading  edge  swwpback  and  axial  corner  angles  were 
found  to  reduce  the  shock  strengths  of  re.spec lively  the 
primary  or  interference  shocks,  thereby  rediieing  pressure 
and  heat  transfer  peaks 

.Although  the  fin-type  configuration  hatl  hei’ii  extensively 
studied  in  the  turbulent  regime  for  many  years  (se«’  for 
in.stance  the  review  papers  of  Settles  and  Dolling  ;2. 
3])  actually  it  is  the  most  studied  swept  shock 
wave/boundary  layer  interaction  in  the  turbulent  regime 
this  configuration  had  not  been  sliiditd  in  the  laminar 
regime  before  the  experimental  and  ntimerical  invesliga 
tions  by  Degrez  [28.  29,  30]  The  shock  generator  was  a 
wedge  mounted  normal  to  a  Hal  plate  (Fig,  1).  Exper¬ 
imental  results  inctudid  stirface  flow  visualizalions  and 
sttrface  pressure  distributions  for  a  rt'latively  limilid  lest 
matrix  of  wedge  incidence  angles  (4“  <  a  <  8°)  and 
Ree  at  the  shock  generator  apex  Flow  visualizalions  re¬ 
vealed  the  presence  of  an  extended  separation  even  for 
the  smallest  wedge  incidence  (and  therefore  the  weakest 
shock),  in  contrast  with  turbulent  flow,  for  which  the  in¬ 
cipient  separation  wedge  incidence  would  be  around  10° 
for  the  current  value  of  Mach  number  (2.25),  according 
to  a  criterion  due  to  Korkegi  [31].  The  separation  line  de¬ 
termined  by  the  oil  flow  visualizations  was  straight  near 
the  shock  generator  apex,  indicating  a  conical  pattern 
but  bent  downstream  Whether  this  was  a  genuine  phe¬ 
nomenon  ,  an  edge  effect  oi  an  artefact  of  the  exper¬ 
imental  technique  was  not  determined.  Also,  because 
only  the  flow  upstream  of  the  primary  separation  line 
was  visualized,  nothing  could  be  said  about  the  existence 
of  a  secondary  separation.  Pressure  distributions  exhib¬ 
ited  a  characteristic  mild  pressure  rise  upstream  of  the 
inviscid  shock  followed  by  a  steep  increase  slightly  down¬ 
stream  of  the  shock,  a  peak  near  reattachment  and  a 
smooth  relaxation  toward  the  inviscid  post-shock  level, 
very  much  bke  the  distributions  obtained  by  Charwat  and 
Redekeopp  [12]  for  their  comer  configuration.  The  pres¬ 
sure  rise  upstream  of  the  inviscid  shock  wave  was  found 
to  be  essentially  independent  of  shock  wave  strength  and 
the  pressure  distributions  agreed  reasonably  well  with  a 
conical  scaling. 


4.2  Recent  experimental  investigations 
at  the  von  Karman  Institute 

The  investigations  reviewed  in  the  previous  sections  con¬ 
tributed  significantly  to  the  understanding  of  swept  shock 
wave/laminar  boundary  layer  interactions.  In  particular, 
the  inviscid  shock  structure  of  corner  flow  configurations 
has  been  exterjsively  documented  and  is  now  fairly  well 
understood,  although  the  realm  of  possible  flow  struc¬ 
tures  is  far  from  being  completely  explored  as  revealed 
by  some  recent  numerical  investigations  of  this  flow  con¬ 
figuration  [32,  33],  On  the  contrary,  there  are  still  many 
unanswered  questions  about  the  viscous/inviscid  interac¬ 
tion  between  a  swept  shock  wave  and  a  laminar  bounadry 
layer  as  it  occurs  in  intake  or  fin-type  configurations. 
Some  of  these  questions  have  been  addressed  in  recent 
investigations  at  the  von  Karman  Institute  [34  ,  35  ,  36] 
which  have  not  been  reported  in  the  open  literature  so 
far  and  which  will  now  be  described 


4.2.1  Facilities  and  experimental  configurations 
Wind  tunnel  facilities 

The  experiments  were  carried  out  in  two  different  facil¬ 
ities  at  supersonic  (M  —  2)  and  moderately  hypersonic 
{M  =  6)  .Mach  numbers.  The  supersonic  facility  (SI) 
is  a  continuous  closed  circuit  facility  of  the  Ackeret  type 
with  a  40  cm  by  40  cm  test  section.  The  range  of  stagna¬ 
tion  pressure  is  from  0.1  to  0.3  bar.  The  Mach  2.0  nozzle 
was  selected  to  perform  the  experiments.  This  gives  unit 
Reynolds  numbers  in  the  range  10*  to  3  10*m"'.  The 
models  were  at  near  adiabatic  conditions  for  all  tests. 

Hypersonic  experiments  were  carried  out  in  the  H3  blow¬ 
down  facility.  This  tunnel  is  equipped  with  an  axisym- 
metric  nozzle  providing  a  Mach  6  free  jet  of  approxi¬ 
mately  150  mm  diameter.  Stagnation  pressures  can  be 
varied  between  6  to  30  bar  while  a  pebble-bed  heater 
is  used  to  vary  the  total  temperature  between  450°  and 
600°  K.  The  corresponding  unit  Reynolds  number  range 
is  from  7  to  30  10*ms'‘.  All  models  were  tested  under 
cold  conditions,  i.e.  their  initial  temperature  was  ambi¬ 


ent,  well  below  the  recovery  temperature 

Experimental  cunfiguratiuns 

All  experiments  concerrH>d  intake-type  amfigurations 
The  supersonic  shock  generators  inelinierl  unswept 
wedges  (Fig  1)  with  incidenee  angles  a  =  6,9,12  and 
15°,  an  asymmetric  dihedron  (Fig  3b)  with  an  incidence 
angle  a  =  15°  and  a  leadin,"  tnlge  swis-pback  -  27° ,  ami 
a  half  circular  cone  of  24°  half  opening  angle  The  two 
latter  configurations,  which  arc  displayial  in  Figs  10- 1 1, 
were  chosen  in  such  a  way  that  the  invi.scid  shock  wave 


Fig.  10:  Asymmetric  dihedron  model 

footprint  on  the  plate  was  the  same  as  the  one  produced 
by  the  imswept  wedge  with  a  12°  incidence  angle,  for  rea¬ 
sons  which  will  be  discussed  in  section  4.2.4.  The  shock 
wave  generated  by  the  half  cone  was  calculated  by  a  nu¬ 
merical  solution  of  the  Taylor-McColl  equation  while  that 
generated  by  the  asymmetric  dihedron  was  calculated  us¬ 
ing  a  conical  Euler  solver  develojjed  at  the  VKI  [37],  The 
pressure  contours  in  a  cross  flow  plane  jjerpendicular  to 
the  plate  and  to  the  shock  generator  surface  is  shown  in 
Fig.  12.  The  shock  wave  is  seen  to  be  particularly  well 
resolved  near  the  plate  surface,  due  to  a  local  mesh  clus¬ 
tering. 
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Fig.  11:  Half  circular  cone  model 


Fig.  12;  Inviscid  flow  over  asymmetric  dihedron  : 
pressure  contours  in  crossflow  plane 


The  hypersonic  shock  venerators  were  unswept  wedges 
with  incidence  angles  a  =  3,6,9,12  and  15“,  as  well  as 
an  asymmeiric  dihedron  with  a  =  15“,  A  =  80.5“.  Just 
Ts  for  the  stipersonic  experiment,  the  leading  edge  sweep- 
back  was  chosen  in  such  a  way  that  the  resulting  shock 
wave  impacts  the  fiat  plate  at  the  same  location  as  that 
produced  by  the  12“  unswept  wedge. 


4.2.2  Surface  flow  visualization  (skin  friction 
patterns) 

Supersonic  How 

Surface  flow  visualizations  were  carried  out  nly  for 
the  unswept  wedge  shock  generators  and  for  only  one 
Reynolds  number,  since  this  parameter  did  not  prove  to 
have  a  significant  effect  in  previous  studies.  In  all  cases,  a 
primary  separation  line  (oil  convergence  line)  clearly  ap¬ 
peared  as  well  as  a  herringbone  pattern  associated  will 
primary  attachment.  Fig.  13show.s  for  instance  the  flow 
'  isualization  obtained  for  the  9“  we<lge.  To  demonstrate 
without  ambiguity  that  the  oil  convergence  line  is  indired 
a  s  paration  line,  a  .second  visualization  in  which  only 
the  fore  part  of  the  model  was  covertxl  with  oil  was  per¬ 
formed.  One  ofjservfM  that  the  oil  runs  only  up  to  the 


Fig.  13:  Surface  flow  visualization,  M  =2.  unswept 
shock  generator,  o  =  9  ’ 


separation  lino,  with  the  aft  part  of  the  model  remaining 
clean,  inaccisisible  by  the  oil  flow  from  upstream.  An¬ 
other  interesting  observation  from  Figs.  13-14  is  that  the 
primary  separation  line  is  es.senlially  straight,  suggesting 
a  conical  fiehaviour  as  observed  in  former  studies  [19]. 
Coming  bar;k  to  Fig.  13,  one  observes  also  a  region  of 
sluggish  oil  flow  immediately  downstream  of  the  primary 
separation  line.  The  extent  of  such  a  region  of  sluggish 
fluid  is  seen  to  increase  as  the  wedge  incidence  is  increastxi 
(see  Fig.  15).  This  suggests  that  this  region  may  be  asso¬ 
ciated  with  the  existence  of  a  secondary  separation.  To 
provide  some  support  to  this  hypothesis,  the  same  kind 
of  technique  used  in  Fig.  14  was  applied.  Specifically,  oil 
was  introduced  only  near  the  flat  plate  leading  edge  and 
near  the  primary  attachment  line.  The  resulting  pattern 
(Fig.  16)  shows  the  existence  of  a  clean  region  between 
the  two  regions  covered  with  oil,  which  nicely  confirms 
the  existence  of  secondary  separation  Secondary  separa¬ 
tion  w.as  oliserved  for  o  =  9,12  and  15“. 

.As  the  flow  visualization  features  appeared  mostly  con¬ 
ical,  their  angle  was  determined.  Becau.se  of  the  qual¬ 
itative  character  of  the  visualization  technique  and  of 
the  photographic  rixording,  the  uncertainty  on  the  an¬ 
gle  values  was  estimated  to  be  ±  2  degrees.  Angles  of 
the  upstream  influence  line,  defined  as  the  line  where  the 
.skin  friction  lints  first  deviate  from  the  free  stream  direc¬ 
tion,  and  of  the  primary  and  secondary  .separation  lines 
with  respect  to  the  frw  stream  Mach  line  are  displayed  in 
Fig  17  a.s  a  function  of  the  shock  wave  intensity  as  rep¬ 
resented  by  the  normal  Mach  number  M„  =  .VfocsinUn 
It  is  seen  that  the  upstream  influence  line  angle  increases 
slowly  with  shock  strength  whereas  the  separation  line 
angle  first  increiises  rapidly,  until  it  gets  close  to  the  up¬ 
stream  influence  line  angle,  after  which  it  follows  the  evo¬ 
lution  of  the  upstream  influence  line  angle. 

Hypersonic  flow 

Surface  flow  visualizations  exhibited  the  .same  qualitative 
features  as  for  supersonic  flow  ;  the  patterns  were  coni¬ 
cal  and  an  extensive  primary  separation  was  observed  in 
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Fig.  14:  Surface  flow  visualization,  Af  =  2,  evidence 
of  piimary  separation 


all  cases.  Because  of  the  higher  Mach  number,  angles  of 
all  characteristic  lines  (upstream  influence,  separations, 
attachments)  are  of  course  considerably  smaller  than  for 
their  supersonic  counterparts.  Secondary  separation  is 
observed  already  for  the  weakest  shock,  as  demonstrated 
in  Fig.  18  which  shows  the  existence  of  a  clean  region 
downstream  of  the  primary  separation  line.  As  the  wedge 
angle  is  increased,  additional  features  are  observed.  For 
a  =  6°  (Fig.  19),  one  distinguishes  three  dark  lines  orig¬ 
inating  from  the  wedge  apex.  The  most  upstream  one  is 
the  primary  separation  line,  the  most  downstream  one  is 
the  secondary  separation  line,  but  the  nature  of  the  third 
line  is  not  clear  from  the  oil  flow  visualization.  A  mixed 
oil  flow/oil  dot  visualization  (Fig.  20)  allows  to  identify 
it  as  a  tertiary  separation  line.  Although  this  may  not 
appear  obvious  from  the  figure,  it  becomes  much  clearer 
for  stronger  interactions  such  as  that  produced  by  the 
unswept  12°  wedge  as  shown  in  Fig.  21  which  compares 
oil  flow  and  oil  dot  flow  visualizations  for  this  case.  It  is 
believed  that  this  is  the  first  time  a  tertiary  separation 
has  been  observed  in  a  swept  shock  wave/boundary  layer 
interaction,  although  tertiary  separations  have  been  ob¬ 
served  in  other  circumstances  as  for  instance  flows  over 
cones  at  angle  of  attack  [20].  Actually,  looking  atten¬ 
tively  at  Fig.  21a,  one  can  identify  a  fourth  dark  line 
between  the  tertiary  and  secondary  separation  lines  sug¬ 
gesting  the  presence  of  a  quaternary  separation,  although 
it  is  not  clearly  distinguishable  from  Fig.  21b.  Additional 
support  to  this  hypothesis  is  given  by  heat  transfer  mea¬ 
surements  performed  by  Papuccuoglu  [38]  in  the  same 
configuration  for  a  =  9°.  Fig.  22  shows  the  heat  transfer 
coefficier*  (Stanton  number)  distribution  on  a  line  per- 
pendicuiar  to  the  freestr-’am  at  7.5  cm  from  the  wedge 
apex.  One  observes  four  peaks  which  can  be  attributed 
to  4  attachment  lines.  As  a  matter  of  fact,  their  loca¬ 
tion  is  seen  to  correspond  fairly  well  with  the  location 
of  attachment  lines  as  determined  from  surface  flow  vi¬ 
sualizations  (Table  2).  It  should  be  mentioned  however 
that  the  innermost  heat  transfer  peak  can  also  be  ex¬ 
plained  by  the  presence  of  a  comer  vortex,  as  proposed 


Fig.  15:  Surface  flow  visualization,  M  =  2,  unswept 
shock  generator,  0=15° 


Attachment  lines 

Peak  heat  transfer 

Order 

angle 

angle 

A1 

13.5° 

11.3° 

A3 

17.5° 

14.9° 

A4 

19.9° 

19.5° 

A2 

25.1° 

23.1° 

Table  2:  Comparison  of  attachment  line  angles  and 
peak  heat  transfer  angles 


by  Hummel  [7].  In  summary,  primary  and  secondary  s<;p- 
aration  lines  were  observed  for  aU  wedges,  tertiary  sep¬ 
aration  appeared  for  a  =  6°  and  quaternary  separation 
for  0  =  9°.  The  evolution  of  upstream  influence,  primary 
and  secondary  separation  line  angles  with  shock  strength 
is  shown  in  Fig.  23.  It  is  seen  to  exhibit  the  same  trends 
as  observed  in  Fig.  17  for  supersonic  flow.  Finally,  the 
surface  flow  visualizations  performed  for  the  asymmetric 
dihedron  shock  generator  are  displayed  in  Fig.  24.  The 
upstream  influence,  primary  and  secondeuy  separation, 
as  well  as  primary  reattachment  line  angles  are  observed 
to  be  very  close  to  those  observed  for  the  unswept  12° 
wedge.  This  point  will  be  further  discussed  in  section 
4.2.4. 


4.2.3  Surface  pressure  measurements 
Supersonic  flow 

Surface  pressure  measurements  were  obtained  for  the 
unswept  shock  generator  at  6,  9  and  12  degrees,  for  the 
swept  asymmetric  dihedron  and  for  the  half  circtilar  cone 


Fig.  18;  Surface  flow  visualizalion,  Af  =  6,  unswept 
shock  generator,  Q  =  3“ 


Fig.  16:  Surface  flow  visualization,  A/  =  2,  evidence 
of  secondary  separation 


configurations.  Tunnel  blockage  problems  prevented  to 
make  the  pressure  measurements  with  the  unswept  shock 


generator  at  15  degrees  incidence.  The  model  was  instru¬ 
mented  with  three  rows  of  pressure  taps  perpendicular  to 
the  free  stream  direction  at  respectively  5  cm,  10  cm  and 


Fig.  19:  Oil  flow  visualization,  Af  =  6,  unswept  shock 
generator,  o  =  6“ 


15  cm  from  the  flat  plate  leading  edge. 


Fig.  25  shows  the  pressure  distributions  on  the  three  rows 
for  the  unswept  wedge  at  9°  incidence.  The  pressures 
non-dimensionalized  by  the  freestream  static  pressure  are 
plotted  as  a  function  of  the  reduced  coordinate  y/z  where 
y  is  the  transverse  coordinate  and  z  the  distance  of  the 
row  from  the  leading  edge.  Although  all  three  distribu¬ 
tions  are  relatively  close  in  this  conical  coordinate  system, 
the  differences  are  too  large  to  be  attributed  solely  to  ex¬ 
perimental  scatter.  As  a  matter  of  fact,  a  general  trend 
is  observed,  especially  for  the  part  of  the  interaction  out- 


Fig.  17;  Separation  line  angles  as  a  function  of  shock 
strength  (Mach  2) 


board  of  the  inviscid  shock  wave  location  (y/z  >  0.8)  ; 
the  pressure  is  seen  to  decrease  as  the  axial  distance  from 
the  leading  edge  is  increased  This  is  due  to  the  fiat  plate 
leading  edge  viscous  interaction  effect  and  suggests  that  it 
might  be  better  to  non-dimensionalize  the  pressure  by  the 
flat  plate  pressure  at  the  same  axial  location^  to  remove 
the  leading  edge  interaction  effect.  Unfortunately,  the 
pressure  taps  did  not  extend  far  enough  laterally  to  reach 
the  fully  undisturbed  flow  region,  so  that  this  alternative 
scaling  could  not  be  attempted.  Fig.  25  also  displays 
the  locations  of  the  upstream  influence,  primary  and  sec¬ 
ondary  separation,  and  primary  reattachement  lines  as 
determined  from  the  surface  flow  visualizations,  as  well 
as  the  inviscid  pressure  distribution.  The  location  of  the 
usptream  influence  line  is  seen  to  coincide  with  the  initial 
pressure  rise  while  the  primary  reattachment  coincides 
with  the  pressure  peak. 

The  effect  of  shock  strength  is  shown  in  Fig.  26  which  dis¬ 
plays  the  pressure  distributions  on  the  second  row  for  the 
three  unswept  shock  generator  configurations.  Whereas 
for  the  a  =  6°  case  the  pressure  increase  appears  mono¬ 
tonic,  for  the  0  =  9  and  12°  cases,  there  is  an  initial 
modest  pressure  rise  followed  by  a  plateau,  a  small  dip 
and  then  an  abrupt  pressure  rise  leading  to  a  peak  before 
the  pressure  relaxes  to  the  inviscid  value.  It  is  interesting 
to  note  that  the  existence  of  a  lo(  pressure  minimum 
coincides  with  the  observation  of  secondary  separation  in 
the  flow  visualizations.  However,  the  resolution  of  the 
pressure  measurements  should  be  increased  to  provide 
more  details  around  the  local  minimum  before  a  definite 

^This  is  actually  what  has  been  done  by  some  previous  authors, 
e.(5.  Hummel  (7j. 
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Fig.  20:  Mixed  surface  flow  visualization,  Af  =  6, 
unswept  shock  generator,  a  =  6“ 


statement  can  be  made  about  the  relation  of  the  pressure 
minimum  with  secondary  separation.  Another  interest¬ 
ing  observation  is  the  fact  that  the  amplitude  of  the  ini¬ 
tial  pressure  rise  appears  to  depend  very  iittle  on  shock 
strength,  as  was  already  observed  by  Degrez  [28]  for  his 
fin-type  configurations,  with  a  maximum  pressure  level 
upstream  of  the  shock  around  1.2. 

Pressure  distributions  measured  with  the  asymmetric  di- 
hedron  and  half  circular  cone  shock  generators  will  be 
presented  and  discussed  in  section  4.2.4. 

Hypersonic  flow 

Surface  pressure  measurements  were  obtained  for  all 
unswept  wedges  (3°  <  a  <  15°),  The  flat  plate  was 
instrumented  with  44  pressure  taps  distributed  on  three 
rows  perpendicular  to  the  free  stream  direction  at  respec¬ 
tively  4.5,  6.5  and  8.5  cm  from  the  flat  plate  leading  edge. 

The  general  shape  of  pressure  distributions  was  the  same 
as  observed  for  supersonic  flow,  i.e.  an  initial  smooth  and 
modest  pressure  rise  outboard  of  the  inviscid  shock  wave 
is  followed  by  an  abrupt  increase  near  the  inviscid  shock 
wave  location,  a  peak  near  primary  reattachment  and  a 
relaxation  towards  the  inviscid  post-shock  level.  This  is 
illustrated  in  Fig.  27  which  shows  the  pressure  distribu¬ 
tions  measured  with  the  15°  wedge.  As  for  the  supersonic 
case,  the  surface  pressure  is  normalized  by  the  freestreanri 
static  pressure  but  the  coordinate  in  abscissa  is  the  argu¬ 
ment  ^  in  a  polar  coordinate  system  centred  at  the  wedge 
apex  and  whose  reference  direction  is  the  freestream  di¬ 
rection.  This  is  related  to  the  reduced  coordinate  y/i 
used  for  supersonic  flow  (Fig.  25)  by  y/i  =  tan  p.  The 
pressure  distributions  on  the  three  rows  are  seen  to  be 
in  much  better  agreement  than  for  supersonic  flow.  This 
confirms  the  quasi-conical  behaviour  of  the  interaction. 
Unfortunately,  because  of  the  limited  resolution  of  the 
presstue  tapping,  the  details  of  the  pressure  distributions, 
in  particular  near  the  inviscid  shock  wave  could  not  be 
determined. 

The  effect  of  shock  strength  on  the  pressure  distributions 
is  shown  in  Fig.  28  which  shows  pressure  distributions 
at  x=8.5  cm  for  different  wedge  incidences.  Again,  one 
observes  the  weak  dependance  of  the  initial  pressure  rise 
with  shock  strength,  with  a  maximum  value  of  normal¬ 
ized  pressure  upstream  of  the  inviscid  shock  wave  around 
1.5  (against  1.2  for  the  supersonic  experiments).  Pressure 
undershoots  near  the  inviscid  shock  wave,  which  were  as¬ 
sociated  with  the  extttence  of  secondary  separation  in 
supersonic  flow  are  also  observed  in  most  instances,  e.g. 


(a)  Oil  flow  technique 


(b)  Oil  dot  technique 

Fig.  21:  Surface  flow  visualization,  Af  =  6,  unswept 
shock  generator,  o  =  1 2° 


the  curve  correspond;  ,g  to  a  =  12  and  15°  in  Fig.  28.  In 
other  cases,  no  undershoot  is  visible  but  one  may  have 
been  missed  due  to  the  lack  of  resolution  of  the  pressure 
tapping. 


4.2.4  Eflfect  of  shock  generator  geometry  -  FVee 
interaction 

As  mentioned  in  section  4.2.1,  the  asymmetric  dihedron 
and  half  circular  cone  shock  generators  studied  in  the 
recent  experimental  investigations  at  the  VKl  were  de¬ 
signed  in  such  a  way  that  they  produce  inviscid  shock 
waves  whose  strength  at  their  impact  on  the  plate  was 
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Fig.  23:  Separation  line  angles  as  a  function  of  shock 
strength  (Mach  6) 


(a)  Oil  flow  technique 


Fig.  24:  Surface  flow  visualization,  Af  =  6,  asymmet¬ 
ric  dihedron,  a  =  15°,  A  =  80.5° 


identical  to  that  of  the  shock  generated  by  a  12°  unswept 
wedge.  The  motivation  behind  this  design  was  to  de¬ 
termine  whether  the  so-called  free  interaction  concept 
applies  to  laminar  interactions.  This  concept  first  for¬ 
mulated  by  Settles  and  Lu  [39]  for  turbulent  interactions 
and  initially  dubbed  ‘conical  similarity  signifies  that  the 
upstream  part  of  conical  interactions  does  not  depend  on 
the  particular  shock  generator  geometry  but  only  on  the 
incident  shock  strength.  Support  for  this  concept  was 
giv  n  by  the  study  of  Settles  and  Kimmel  [40]  as  well  as 
by  some  recent  experiments  [41]  and  computations  [42], 
also  in  the  turbulent  regime. 

In  section  4.2.2,  it  was  shown  (Fig.  21  Sc  24)  that  surface 
flow  visualizations  obtained  at  Mach  6  for  the  unswept 
wedge  and  the  equivalent  asymmetric  dihedron  were 
nearly  identical  and  in  particular,  the  separation  and 
reattachment  line  angles  were  found  to  match  closely.  In 
Fig.  29,  spanwise  pressure  distributions  at  x=5  cm  in  su¬ 
personic  flow  are  compared  for  the  three  equivalent  shock 
generators.  The  agreement  of  the  curves  outboard  of  the 
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Fig.  25:  Spanwise  pressure  distributions,  M  =  2, 
unswept  wedge,  o  =  9° 


Fig.  26;  Effect  of  shock  strength  on  spanwise  pressure 
distributions  (Mach  2) 


inviscid  shock  wave  is  seen  to  be  excellent.  Both  results 
give  evidence  that  the  conical  free  interaction  concept 
applies  to  the  present  class  of  laminar  interactions. 


4.2.5  Velocity  measurements 

Longitudinal  velocity  measurements  were  performed  in 
the  interaction  produced  by  a  6°  unswept  wedge  at  Mach 
2  using  single  component  Laser  Doppler  Velocimetry 
(LDV).  The  LDV  system  is  a  dual  beam  fringe  mode 
system  with  forward  scatter  light  collection.  Special  care 
has  been  taken  to  optimize  the  seeding  material  and  de¬ 
livery  system  for  the  extremely  severe  circumstances  en¬ 
countered  in  the  present  test  conditions  (extremely  high 
velocity  gradients  -  up  to  600  ms  per  mm  -,  high  ve¬ 
locities  and  low  densities),  which  make  particle  lag  prob¬ 
lems  particularly  serious.  The  optimization  process,  as 
well  as  the  validation  of  the  set  up  is  discussed  in  detail 
in  [36,  43].  TYa verses  were  performed  along  two  rows  par¬ 
allel  to  the  flat  plate  leading  edge  at  respectively  x  —  100 
mm  and  x  =  250  mm.  In  total,  11  traverses  were  ob¬ 
tained  at  10  different  locations.  Because  of  this  very  lim¬ 
ited  number  of  traverses,  and  also  because  a  malfunction 
of  the  tunnel  drying  system  resulted  in  variations  in  the 
test  conditions  between  runs,  the  results  give  only  quali¬ 
tative  information  about  the  flow  and  are  of  limited  use- 
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Fig.  27:  Spanwise  pressure  distributions,  M  =  6, 
unswept  wedge,  q  =  15° 


Fig.  29;  F'ffect  of  shock  generator  geometry  on  span- 
wise  pressure  distributions  (Mach  6) 


Fig.  28:  Effect  of  shock  strength  on  spanwise  pressure 
distributions  (Mach  6) 


Fig.  30:  Velocity  profile  at  y/x  =1.1 


fulness  for  quantitative  analysis,  e  g.  for  code  validation 
purposes. 

Surface  flow  visualizations  and  pressure  measurements 
having  demonstrated  the  quasi-conical  symmetry  of  the 
interaction,  the  velocity  profiles  are  displayed  and  ana¬ 
lyzed  as  a  function  of  the  reduced  coordinate  y/x.  They 
are  plotted  together  with  the  flat  plate  velocity  profiles 
under  the  same  flow  conditions  as  calculated  from  the 
Chapman-Rubesin  theory  [44].  This  allows  to  observe 
the  effect  of  the  interaction  with  respect  to  the  undis¬ 
turbed  flow  case. 

The  most  outboard  velocity  profile  (Fig.  30)  was  mea¬ 
sured  at  y/x  =  1.4  or  equivalently  at  /8  =  tan”‘(y/i)  = 
54.5°.  This  is  slightly  downstream  of  the  upstream  influ¬ 
ence  line  as  determined  from  surface  flow  visualizations 
(/3u  =  58.5°).  One  observes  that  the  velocity  profile  is 
indeed  perturbed,  although  quite  moderately,  by  the  in¬ 
teraction.  With  respect  to  the  undisturbed  flat  plate  pro¬ 
file,  the  essential  differences  are  a  50  %  increase  in  the 
boundary  layer  thickness  and  the  appearance  of  a  small 
inflection  in  the  profile.  Getting  deeper  in  the  interac¬ 
tion  region  (for  a  smaller  value  of  y/x),  the  boundary 
layer  tMckens  and  develops  a  typical  S-shape,  as  illus¬ 
trated  in  Fig.  31  which  shows  a  velocity  profile  measured 
at  y/x  —  0.8,  i.e.  near  the  inviscid  shock  wave  location. 


The  S-shape  of  the  velocity  profile  is  associated  with  the 
presence  of  the  vortical  structure  produced  by  the  bound¬ 
ary  layer  separation,  and  was  also  observed  in  turbulent 
interactions  [45,  46,  47).  The  thickening  of  the  boundary 
layer  and  the  amplification  of  the  S-shape  of  the  velocity 
profile  continues  as  one  progresses  to  the  next  exploration 
station  at  y/x  =  0.65  (Fig.  32).  At  this  point,  the  vis¬ 
cous  layer  has  become  three  times  thicker  than  the  corre¬ 
sponding  flat  plate  boundary  layer.  One  can  also  observe 
that  the  velocity  profile  does  not  reach  the  free  stream 
velocity  value.  This  should  be  expected  as  the  present 
value  of  y/x  corresponds  to  a  station  downstream  of  the 
inviscid  shock  wave.  The  measured  asymptotic  velocity 
indeed  corresponds  quite  closely  to  the  post-shock  value 
computed  from  oblique  shock  relations  (uj  =  480ms"'). 
This  close  agreement  indicates  that,  at  this  location, 
there  is  no  noticeable  particle  lag  due  to  the  oblique  shock 
wave.  At  the  next  station  corresponding  to  y/x  =  0.5 
(Fig.  33),  one  observes  a  drastic  change  :  the  viscous 
layer  has  become  considerably  thinner  than  the  undis¬ 
turbed  flat  plate  boundary  layer  and  has  completely  lost 
its  S-shape,  resembling  rather  an  accelerated  boimdary 
layer  profile.  Both  of  these  features  are  indicative  of  an 
attachment  phenomenon,  which  agrees  with  the  surface 
flow  visualization  results  since  primary  reattachment  was 
observed  around  an  angle  of  26° ,  close  to  the  present  sta¬ 
tion.  Finally,  at  y/x  =  0.38,  the  boundary  layer  is  seen 
to  be  relaxing  towards  a  flat  plate  bounduy  layer  corre- 
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Fig.  31:  Velocity  profile  at  yjx  =  0,8 


Fig.  32:  Velocity  profile  at  y/x  =  0.65 


spending  to  post-shock  conditions  (Fig.  34). 

To  check  whether  the  quasi-conical  symmetry  of  the  in¬ 
teraction  applies  to  the  velocity  profiles,  for  two  values  of 
y/x  (0.8  and  0.5),  traverses  were  measured  at  the  two  lon¬ 
gitudinal  locations  and  compared.  The  comparison  was 
performed  by  non-dimensionalizing  the  vertical  coordi¬ 
nate  by  the  flat  plate  similarity  parameter 

where  Cc  is  Chapman’s  viscosity  constant,  and 
are  respectively  the  freestreeun  kinematic  viscosity  and 
velocity)  and  the  velocity  u  by  the  local  outer  flow  ve¬ 
locity.  Fig.  35  shows  the  results  of  the  comparison  for 
y/i  =  0.5.  The  agreement  is  seen  to  be  quite  good.  This 
gives  additional  support  to  the  validity  of  the  conical  scal¬ 
ing  in  the  x  -  y  plane,  while  in  the  vertical  direction,  the 
correct  scaling  seems  to  be  the  classical  laminar  bound¬ 
ary  layer  scaling.  Additional  measurements  are  however 
needed  to  confirm  this  observation. 


5  NUMERICAL  RESEARCH 
5.1  Inviscid  flow 

As  mentioned  in  section  2,  comer  flow  configurations  dif¬ 
fer  essentially  from  intake  or  fin-type  configurations  by 
the  fact  that  they  involve  two  shock  generators.  The  in- 


Fig  33:  Velocity  profile  at  y/x  =  0.5 


Fig.  34:  Velocity  profile  at  y/i  =  0.38 


viscid  flowfield  is  therefore  complicated  by  the  interaction 
of  these  two  shocks  and  this  interaction  has  been  shown 
in  section  4.1  to  play  an  essential  role  also  for  real  viscous 
flows.  Inviscid  analyses  therefore  present  a  real  interest 
for  corner  flows  and  were  performed  initially. 

Kutler  [17]  solved  the  conical  Euler  equations  using  a 
shock  capturing  technique  for  the  configuration  studied 
by  West  and  Korkegi  [16].  The  resulting  shock  pattern 
was  in  very  good  agreement  with  the  experimental  re¬ 
sults  when  the  boundary  layer  was  turbulent  as  shown 
in  Fig.  36  which  compares  the  experimental  results  of 
West  and  Korkegi  with  numerical  results  of  Kutler  and 
of  Marconi  [18],  to  be  discussed  below.  The  same  nu¬ 
merical  approach  was  subsequently  used  by  Shankar  et 
al.  [48]  and  by  Anderson  and  Nangia  [49]  to  study  a  va¬ 
riety  of  corner  flow  configurations,  including  swept  and 
asymmetric  configurations. 

Shankar  et  al.  compared  their  results  with  the  experi¬ 
mental  data  of  Charwat  and  Redekeopp  [12].  Although 
the  shock  patterns  qualitatively  agreed,  the  actual  po¬ 
sition  of  shock  waves  did  not  agree,  lying  further  out¬ 
board  in  the  experimental  results.  This  is  due  to  the  out¬ 
ward  displacement  of  the  shock  structure  due  to  laminar 
boundary  layer  separation  as  shown  by  the  experimen¬ 
tal  study  of  West  and  Koi'^egi  [16],  Anderson  and  Nan¬ 
gia  compared  their  results  with  their  own  experimental 
data  obtained  for  turbulent  flow  at  Mach  2.  Despite  the 
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Fig,  35:  Compwison  of  velocity  profiles  at  y/x  =  0.5 


Fig.  36:  Wave  pattern  in  comer  flow  configuration  : 

comparison  of  experimental  results  of  West 
and  Korkegi  [16]  and  computational  results 
of  Kutler  [17]  and  of  Marconi  [18] 


coarseness  of  the  computational  mesh,  good  agreement 
was  found  between  computed  and  experimental  wave  pat¬ 
terns. 

Marconi  [18]  used  a  shock  fitting  approach  to  solve  the 
conical  Euler  equations  for  unswept  symmetric  corner 
flow  configurations.  He  studied  the  effect  of  Mach  num¬ 
ber  and  wedge  deflection  and  found  the  existence  of  two 
flow  regimes.  For  small  wedge  deflections,  the  wedge 
shocks  intersect  and  no  slip  line  is  present  whereas  for 
larger  deflections,  the  structure  described  above  with  a 
comer  shock,  two  triple  points  and  two  slip  lines  is  ob¬ 
served.  An  example  of  such  a  case  is  West  and  Korkegi’s 
configuration  for  which  Marconi’s  results  are  seen  to  be 
in  good  agreement  with  both  the  experimental  data  and 
Kutler’s  computation  (Fig.  36). 

Some  experimental  [14,  7]  and  theoretical  [50]  studies 
suggest  that  in  some  instances  the  slip  lines  originating 
firom  the  triple  point  do  not  run  into  the  intersection  of 
wedges  but  terminate  somewhere  in  the  flow.  Such  pat¬ 
terns  were  recently  shown  to  exist  in  numerical  solutions 
of  the  Euler  equations  by  Marsilio  [32]  and  Degrez  et 
al.  [33].  Both  analyses  used  a  shock  capturing  finite  vol¬ 
ume  approach  but  the  former  used  a  3D  space  marchii^ 


method  whereas  the  latter  compared  this  method  with 
the  the  conical  time-dependent  method  developed  at  the 
VKI  [37,  51].  It  was  found  that  when  the  slip  lines  ter¬ 
minated  inside  the  flow,  this  was  associated  with  the  ex¬ 
istence  of  vortices  within  the  inviscid  flow  aiKl  moreover 
that  this  vortical  pattern  could  be  asymmetric  even  for 
symmetric  configurations.  This  is  illustrated  in  Fig.  37 
which  displays  crossflow  streamlines  in  a  symmetric  cor- 
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Fig  37:  Crossflow  streamlines  in  as>Tnmetric  vortical 
flow  in  a  corner,  M  —  10,  ^  =  8° 

ner  at  Mach  10  with  a  wedge  deflection  6  =  8°. 

Fin  and  intaJie-type  configurations  exhibit  a  much  sim¬ 
pler  inviscid  flow  pattern.  For  unswept  wedge  and  half 
circular  cone  shock  generators,  the  inviscid  flow  even 
has  an  analytical  or  semi-analytical  solution.  However, 
for  more  general  shock  generators  such  as  symmetric  or 
asymmetric  dihedrons,  the  inviscid  flow  and  in  particu¬ 
lar  the  shock  shape  can  only  be  determined  by  numerical 
solutions  of  the  Euler  equations.  Such  solutions  were  ob¬ 
tained  by  Salas  [52]  and  by  Bewley  [53]  for  symmetric 
dihedrons,  and  by  the  present  author  for  asymmetric  di¬ 
hedrons  (unpublished  results  see  Fig.  12). 


5.2  Viscous  flow 

The  first  numerical  computation  of  a  swept  shock 
wave/laminar  boundary  layer  interaction  was  performed 
by  Shang  and  Hankey  [54].  They  implemented  the  ex¬ 
plicit  predictor-corrector  scheme  of  MacCormack  [55]  to 
solve  the  3D  time-dependent  Navier-Stokes  equations  for 
the  intake-type  configuration  studied  experimentally  by 
Cooper  and  Hwikey  [19].  They  used  a  series  of  rather 
coarse  meshes  with  the  finest  being  made  of  8x32x36 
points.  The  mesh  was  conically  expanding  in  the  ax¬ 
ial  direction  to  reflect  the  quasiconical  nature  of  the  flow 
observed  experimentally.  Despite  the  coarseness  of  the 
grid,  the  essential  flow  features  were  correctly  captured 
as  seen  in  Fig.  38  which  shows  a  comparison  of  measured 
and  computed  pitot  pressure  contours.  The  effect  of  grid 
coarseness  however  shows  up  clearly  in  the  smearing  of 
the  wedge  shock  and  of  most  of  the  flowfield  details.  Simi¬ 
lar  to  the  experimental  results,  the  computed  skin  friction 
pattern  (Fig.  39)  shows  the  presence  of  a  primary  and  a 
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Fig.  38;  Comparison  of  measured  [19]  (a)  and  com¬ 
puted  [54]  (b)  pitot  pressures  in  intake  con¬ 
figuration  (iu,  =  15“,  Woo  =  12.5) 
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Fig.  39;  Computed  [54]  flat  plate  skin  friction  pattern 
in  intake  configuration  {6^,  =  15°,  Woo  = 
12.5) 


secondary  separation.  The  extent  of  the  secondary  sepa¬ 
ration  is  however  not  captured  properly  because  of  the  ex¬ 
cessive  numerical  dissipation  due  to  the  coarseness  of  the 
grid.  One  also  observes  the  nearly  conical  nature  of  the 
computed  flowfield.  It  should  be  kept  in  mind  however 
that  the  conical  nature  and  the  coarseness  of  the  mesh 
would  prevent  to  capture  properly  moderate  departures 
from  conicity  as  for  example  in  the  strong  interaction  re¬ 
gion  near  the  flat  plate  leading  edge.  Finally,  Fig.  40 
shows  that  the  computed  surface  pressure  distribution  is 
in  excellent  agreement  with  the  experimental  results,  the 
pressure  peak  at  reattachment  being  perfectly  captured 
by  the  computation.  Notice  also  the  close  resemblance  of 
this  pressure  distribution  with  the  distribution  measured 
in  recent  VKI  experiments  (Fig.  27). 

Later,  Shang  et  al.  [56]  introduced  a  mixing  length  eddy 
viscosity  model  and  a  transition  model  in  their  code  and 
computed  West  and  Korkegi's  [16]  comer  flow  configura¬ 
tion  with  Rei.  =  1.1 10*.  This  corresponds  to  a  transi¬ 
tional  flow  case  with  the  upstream  region  Rcx  <  0.5  10* 


Fig  40;  Comparison  of  measured  [19]  and  coni 
puted  [54]  pressure  distribution  on  flat  plate 
in  intake  configuration  (*„,  =  15°.  = 

12.5) 


being  laminar  and  the  downstream  region  turbulent  A.s 
in  the  previous  study,  liie  mesh  was  conically  expanding 
in  the  axial  direction  with  17x33x33  points  The  nu 
merical  results  nicely  reproduced  the  experimental  oh 
servations  including  the  S-bend  of  the  primary  separa¬ 
tion  line  due  to  the  transition  from  laminar  to  turbulent 
flow(P'ig.  41)  The  outward  displacement  of  the  wave  pat 
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Fig.  41;  Computed  [56]  skin  friction  pattern  in  sym¬ 
metric  comer  configuration  (6  =  9.5°,  Woo  = 
3.0),  together  with  experimental  [16]  separa¬ 
tion  line 

tern  due  to  the  extensive  boundary  layer  separation  in  the 
laminar  flow  region  was  also  correctly  simulated  as  seen 
in  Fig.  42  which  compares  the  computed  and  measured 
wave  patterns  in  the  laminar  and  turbulent  flow  regions. 
The  slip  lines  emanating  from  the  triple  points  are  also 
seen  to  be  well  captured  by  the  numerical  solution. 

At  about  the  same  period.  Hung  and  MacCormack  [57] 
solved  the  3D  time-dependent  Navier-Stokes  equations 
using  the  hybrid  explicit/implicit  scheme  of  MacCor¬ 
mack  [58]  for  a  three-dimensional  compression  comer 
configuration.  The  configuration  was  made  out  of  a  2D 
compression  comer  mounted  normal  to  a  flat  plate.  This 
configuration  is  considerably  more  complex  than  the  ones 
considered  in  this  paper  as  it  involves  both  a  2D  interac¬ 
tion  at  the  compression  comer  and  a  3D  swept  interaction 
on  the  flat  plate.  No  experimental  data  were  available 
for  comparison.  The  same  flow  solver  was  later  extended 
to  turbulent  flows  and  used  to  study  turbulent  interac¬ 
tions  [59,  47].  These  will  be  describe  in  the  companion 
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Fig.  42:  Comparison  of  computed  [56)  and  mea¬ 
sured  jl6]  wave  jjatterns  in  symmetric  comer 
configuration  (6  =  9.5°,  Moo  =  3  0);  (a)  lam¬ 
inar  flow,  (b)  turbulent  flow 


paper  by  D.  D.  Knight  which  concerns  the  computation 
of  turbulent  interactions. 

Degrez  [29,  30]  solved  the  3D  time-dependent  Navier- 
Stokes  equations  using  the  implicit  scheme  of  Beam  and 
Warming  [60]  for  a  fin-type  configuration  previously  stud¬ 
ied  experimentally  by  the  same  author  [28].  The  Mach 
number  was  2.25,  the  shock  generator  was  an  unswept  6° 
wedge  and  the  Reynolds  number  based  on  the  distance 
between  the  wedge  apex  and  the  flat  plate  leading  edge 
was  1.08 10*.  A  coarse  (35x36x20)  and  a  finer  (65x49x25) 
mesh  were  succesively  used.  Contrary  to  the  calculations 
of  Shang  et  al.  [54,  56],  the  meshes  were  not  conically 
expanding  from  the  w^ge  apex  but  were  rather  gen¬ 
erated  by  conformal  mapping  in  the  x  —  y  plane.  The 
pressure  contours  on  the  plate  surface  (Fig.  43  -  fine 
mesh)  confirm  the  quasiconical  synunetsy  of  the  inter¬ 
action,  although  some  departures  from  conicity  are  ob¬ 
served,  namely  a  curving  in  of  the  outermost  pressure 
isolines  and  the  development  of  a  pressure  trough  when 
progressing  away  from  the  wedge  apex.  This  latter  phe¬ 
nomenon  was  also  recently  observed  in  the  numerical 
computation  of  a  turbulent  interaction  by  Panaras  and 
Stanewsky  [5].  A  quantitative  comparison  of  computed 
and  measured  pressure  distributions  on  a  line  parallel  to 
the  free  stream  at  5  cm  from  the  wedge  apex  is  shown 
in  Fig.  44.  The  fine  mesh  result  is  seen  to  be  in  quite 
good  agreement  with  the  experimental  data  except  for 
the  downstream  pressure  level,  which  is  due  to  a  differ¬ 
ence  in  free  stream  Mach  numbers  between  theory  and 
experiment,  and  for  the  presence  of  the  pressure  trough 
around  z  =  15  cm.  The  computed  skin  friction  patterns 
are  shown  in  Fig.  45-46  for  respectively  the  coarse  and 


Fig.  43:  Computed  [30]  pressure  contours  on  flat  plate 


in  fin-type  configuration  (6  =  6°,  Moo  =  2.25, 
=  1.0810*) 


Fig.  ■'>4:  Comparison  of  coniputed  [30]  and  mea¬ 
sured  [28]  pressure  distribution  on  flat  plate 
(y  =  5  cm)  in  fin-typ>e  configuration  {6  =  6°, 
Moo  =  2.25,  Re:,^  =  1.0810*) 


fine  meshes.  Again,  the  pattern  is  nearly  conical.  Both 
include  a  primary  separation  but  the  fine  mesh  results 
also  include  a  secondary  separation.  This  is  consistent 
with  the  observation  of  a  trough  in  the  computed  pres , 
distribution  (Fig.  44).  Whether  this  is  actually  a  p’.vs 
cal  phenomenon  is  not  clear  as  a  recent  computation  oy 
Hung  [61]  of  the  same  flow  configuration  did  not  show  the 
presence  of  a  secondary  separation  nor  of  a  trough  in  the 
wall  pressure  distribution  (Fig.  47).  Also,  no  secondary 
separation  was  observed  for  a  =  6°  in  the  recent  exper¬ 
imental  investigation  of  an  intake-type  configuration  at 
Mach  2  by  Piepsz  [34]  described  in  section  4. 

The  quasiconical  nature  of  swept  shock  wave/laminar 
boundary  layer  interactions  suggests  that  they  may  be 
amenable  to  analysis  using  the  conical  Navier-Stokes 
equations.  Although  supersonic  inviscid  flows  over  coni¬ 
cal  geometries  are  rigorously  conical,  this  is  not  true  for 
viscous  flows.  For  high  Reynolds  number  flows  though,  it 
was  shown  theoretically  [62]  and  numerically  [63]  that  the 
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Fig.  45:  Computed  [30]  flat  plate  skin  friction  pattern 
in  fin-type  configuration  (^  =  6°,  Moo  =  2  25, 
Reip  =  1.08  10®),  coarse  mesh 


conical  Navier-Stokes  equations  represent  a  good  approx¬ 
imation  of  the  real  3D  equations.  Such  conical  Navier- 
Stokes  computations  were  performed  by  Scriba  [64]  for 
the  comer  flow  configuration  studied  by  Mollenstadt  [25]. 
Although  the  overall  flow  patterns  were  in  excellent 
agreement  (Fig.  48),  there  existed  important  quantita¬ 
tive  differences  in  the  surface  pressure  and  heal  transfer 
distributions.  It  is  worth  mentioning  that  conical  Navier- 
Stokv-o  '.vorc  "dso  performed  for  turbulent 

interactions  [65]. 


6  FINAL  COMMENTS  ABOUT  THE 
STRUCTURE  OF  SWEPT 
SHOCK  WAVE/LAMINAR  BOUND¬ 
ARY  LAYER  INTERACTIONS 

It  appears  from  the  previous  discussions  that  an  essential 
difference  exists  between  corner  flow  configurations  on 
the  one  hand  and  intake  and  fin-type  configurations  on 
the  other.  The  former  are  dominated  by  the  shock/shock 
interaction  wliich  produces  slip  lines  emanating  from  the 
triple  points  (Fig.  9)  whereas  the  latter  are  dominated 
by  the  viscous/inviscid  interaction  produced  at  the  im¬ 
pingement  of  the  shock  wave  with  the  boundary  layer 
Details  of  the  flow  structure  in  this  case  are  not  com¬ 
pletely  known.  For  intake-type  configurations,  the  plate 
leading  edge  shock  still  intersects  the  wedge  shock  wave 
at  a  triple  point,  producing  a  slip  line  as  illustrated  in 
Figs.  6  and  8.  but  this  cannot  be  a  dominant  feat\ire 
since  the  leading  edge  shock  can  be  made  as  weak  as  de¬ 
sired  by  reducing  the  hypersonic  parameter  or  by  moving 
the  flat  plate  leading  edge  upstream  (for  fin-type  config¬ 
urations). 

The  structure  of  turbulent  interactions  is  far  better 
known  [4]  and  might  be  used  as  a  model  for  the  structure 
of  laminar  interactions.  Let  us  thus  examine  briefly  the 
turbulent  interaction  flow  structure.  As  shown  by  Alvi 
and  Settles  [4],  it  is  basically  conical  and  can  therefore  be 
represented  in  the  spherical  coordinate  system  centred  at 
the  virtual  conical  origin  as  shown  in  Fig.  49  The  turbu¬ 
lent  boundary  layer  separation  is  seen  to  induce  a  sepa- 
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Fig  46:  Computed  [30]  flat  plate  skin  friction  pattern 
in  fin-type  configuration  =  6“,  .Vf,^  =  2  25, 
rtcif.  =  1  0810®),  fine  mts>h 


X  (cm) 

Fig.  47:  Comparison  of  computed  [61,  30]  and  mea¬ 
sured  [28]  pressure  distribution  on  flat  plate 
{y  =  5cm)  in  fin-type  configuration  (f>  =  6°, 
M„  =  2.25,  «e^^,  =  1.0810®) 


ration  shock  which  intersects  the  outer  inviscid  shock  at 
a  triple  point,  producing  a  slip  line.  The  pattern  is  seen 
to  be  very  similar  to  the  comer  flow  pattern  except  that 
the  triple  point  is  now  produced  by  the  separation  shock 
rather  than  by  the  wedge  shock. 

It  is  believed  by  the  present  author  that  this  pattern  does 
not  apply  to  laminar  interactions  for  the  following  rea¬ 
son  :  the  thickening  and  separation  of  laminar  boundary 
layers  is  a  much  smoother  phenomenon  than  for  turbulent 
boundary  layers.  1  ne  compression  outboard  of  the  invis¬ 
cid  shock  wave  is  therefore  much  more  likely  to  be  spread 
in  a  compression  fan  than  concentrated  in  a  separation 
shock,  as  suggested  in  Fig.  9  taken  from  [7],  Such  a  wave 
pattern  at  separation  would  in  fact  correspond  to  the  be¬ 
haviour  at  separation  in  2D  interactions  as  sketched  in 
Fig.  50.  The  interaction  of  a  compression  fan  with  the 
outer  inviscid  shock  wave  would  then  produce  a  region  of 
varying  entropy  rather  than  a  slip  line.  The  remaining 
of  the  flow  structure,  i.e.  the  vortical  structure  beneath 
the  shock  leg  exists  also  in  laminar  interactions  but  it  has 
been  shown  to  be  much  more  elongated  than  for  turbu¬ 
lent  interactions  because  of  the  much  greater  extent  of 
laminai  sepaiai.i>.>i>. 


Fig.  48:  Comparison  of  computed  [64]  and  mea¬ 
sured  [25]  pitot  pressure  contours  in  a  sym¬ 
metrical  comer  configuration  (6  =  8°,  Moo  = 
12,8)  with  30’  swept  leading  edges  -  exper¬ 
iments  above  the  bisector,  computation  be¬ 
low) 


Fig.  49'.  Swept  shock  wave/turbulent  boundary  layer 
structure  (after  [4]) 


7  CONCLUSIONS 

The  experimental  and  numerical  studies  on  swept  shock 
wave/laminar  boundary  layer  interactions  have  been  re¬ 
viewed.  Three  classes  of  flow  configurations  were  iden¬ 
tified,  named  respectively  fin-type,  intake-type  and  cor¬ 
ner  configurations.  Although  the  amount  of  experimen¬ 
tal  and  computational  results  is  much  more  limited  than 
for  turbulent  interactions,  they  nevertheless  allow  one  to 
draw  the  following  conclusions  : 


•  For  all  three  types  of  configurations,  the  flow  is  of 
quasiconical  nature, 

•  For  comer  flows,  the  outer  wave  structure  is  essen¬ 
tially  the  same  as  for  turbulent  flows  but  is  displaced 
outboard  due  to  the  extensive  boundary  layer  sepa¬ 
rations. 


Fig.  50:  Structure  of  2D  incident  shock  wave/laminar 
boundary  layer  interaction 


•  The  free  interaction  concept  which  applies  to  turbu¬ 
lent  interactions  has  been  shown  to  apply  to  laminar 
interactions  as  well, 

•  Numerical  results  are  in  good  agreement  with  the 
experimental  results  but  no  numerical  computation 
so  far  has  demonstrated  a  sufficient  mesh  resolution 
to  capture  all  ftowfleld  details. 

Some  unanswered  questions  still  remain,  which  indicate 
the  need  for  additional  research. 


•  The  outer  wave  structure  of  fin  and  intake-type  con¬ 
figurations  is  not  yet  fully  understood  Additional 
experimental/numerical  investigations  should  clar¬ 
ify  this  point, 

•  The  existence  of  multiple  separations  should  be  con¬ 
firmed  and  the  circumstances  in  which  tney  occur 
should  be  identified, 

•  Departures  from  conicity  should  be  further  investi¬ 
gated  and  analyzed, 

•  The  effect  of  wall  temperature,  which  is  known  to 
be  important  for  2D  interactions  is  completely  un¬ 
known  for  swept  interactions, 

•  A  comprehensive  flowfield  survey  in  a  swept  shock 
wave/laminar  boundary  layer  interaction  is  badly 
needed  to  serve  as  a  benchmark  for  the  validation  of 
3D  Navier-Stokes  solvers, 

•  New  numerical  computations  should  be  carried  out 
with  a  demonstrated  sufficient  grid  resolution  in  or¬ 
der  to  capture  the  flowfield  details,  in  particular  sec¬ 
ondary  and  possibly  higher  order  separations. 
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Abstract 

The  paper  assesses  the  capability  for  numerical 
simulation  of  3-D  shock  wave  turbuleiit  boun¬ 
dary  layer  interactions.  Specific  configurations 
exa^idned  include  the  sharp  fin,  blimt  fin,  cylin¬ 
der/flare,  swept  compression  corner  and  cros¬ 
sing  shock.  Future  needs  in  improved  com¬ 
putational  methods,  collaborative  experimen¬ 
tal/computational  efforts  and  incorporation  of 
knowledge  of  flowfield  structure  into  more  ^f.jc- 
tive  designs  are  discussed. 

1  Nomenclature 

Cj  skin  friction  coefficient 

Ch  heat  transfer  coefficient 

Cp  specific  h°at  at  constant  pressure 

k  tiubulence  -  inetic  energy 

k  —  €  Jones-Launder  turbulence  model 

M  Mach  number 

p  static  pressure 

Pp  pitot  pressure 

hea*^^  transfer  at  wall 

RA.NS  Reynolds -averaged  Navier-Stokes 

Poo^rxi  ^OC  Ip  oo 

Taxu  adiabatic  wall  temperature 

wah  temperature 
U.X,  freestream  velocity 

W  separation  between  fins  (crossing  shock) 

a  fin  angle  (sharp  fin) 

cone  angle  of  attack  (cylinder- flare) 

/3  conical  angle  (Appendix  B) 

8  boimdary  layer  thickness 

4>  spherical  angle  (Appendix  B) 

p  density 

6  shock  angle 

oo  evaluated  in  freestream 


2  Introduction 

The  interaction  of  shock  waves  and  turbulent 
boundary  layers  is  a  common  phenomenon  in 
aerodynamics  and  aeropropulsion,  and  signifi¬ 
cantly  impacts  the  performance  of  aeronautical 
systems.  Shock  wave  turbulent  boundary  layer 
interactions  occur  at  wing-  and  tail-fuselage 
junctures,  deflection  of  control  surfaces,  Itigh 
speed  inlets,  transonic  compressors,  rotorcraft 
and  many  other  applications. 

The  objective  of  the  paper  is  to  review  the  sta¬ 
tus  of  numerical  simulation  of  3-D  shock  wave- 
turbulent  boundary  layer  interactions  (also  de¬ 
noted  as  “3-D  turbulent  interactions").  The  pa- 
ner  considers  five  fundamental  3-D  turbulent  in¬ 
teractions,  assesses  the  capability  for  prediction 
of  the  flowfield  through  comparison  with  experi¬ 
ment,  and  briefly  describes  the  principal  features 
of  the  mean  flowfield  structure. 

The  focus  of  the  paper  is  neces.'arily  restricted 
due  to  practical  bmitations.  Several  decisions, 
admittedly  a  matter  of  personal  taste,  are  re¬ 
flected  in  the  paper.  First,  the  paper  has  been 
deliberately  restricted  to  3-D  flows.  Certainly, 
3-D  tiurbulent  interactions  are  far  more  common 
in  application  than  2-D/axisymmetric  turbulent 
interactions.  However,  knowledge  of  2-D  tur¬ 
bulent  interactions  is  important  to  the  under¬ 
standing  of  3-D  turbulent  interactions',  and  re¬ 
search  in  2-D/axisymmetric  turbulent  interac¬ 
tions  bears  some  importance.  Second,  a  lim¬ 
ited  number  of  3-D  configiuations  were  selected 
based  on  the  availability  of  both  experimental 
and  numerical  results.  To  be  sure,  the  selection 

'S.g.,  the  quasi-conical  model  of  the  sharp  fin  [1]  is  a 
two  dimensional  model  of  an  ostensibly  three  dimensional 
flow. 


is  not  exhaustive,  and  other  3-D  configurations 
could  be  chosen  with  equal  regard.  In  particular, 
the  selected  configurations  are  all  in  the  Mach 
2  to  8  regime.  There  is  a  substantial  body  of 
experimental  and  computational  results  on  3-D 
transonic  shock  wave  turbulent  boundary  layer 
interactions,  and  their  omission  from  this  paper 
is  due  simply  to  practical  limitations.  Third, 
substantial  effort  has  been  made  to  provide  an 
appropriate  representation  of  computed  results 
for  the  configurations  chosen  including  extensive 
use  of  the  AIAA  Aerospace  Database  and  con¬ 
sultation  with  colleagues.  Any  errors  or  other 
inaccuracies  are  inadvertent  and,  of  course,  the 
sole  responsibility  of  this  author.  Foxirth,  since 
the  paper  focuses  on  assessing  the  capability  for 
numerical  simulation,  it  does  not  present  a  re¬ 
view  of  edl  experiments  for  those  configurations 
selected.  References  [2],  [3],  [4]  and  [5]  may  be 
consulted  for  further  information.  Finally,  nu¬ 
merical  algorithms  are  not  discussed.  A  rea¬ 
soned  consideration  of  numerical  methods  for  3- 
D  turbulent  interactions  alone  would  constitute 
a  separate  paper.  However,  some  discussion  is 
focused  on  the  need  for  further  research  in  nu¬ 
merical  methods  for  3-D  turbulent  interactions. 


3  Governing  Equations 


where  the  Einstein  summation  convention  is  em¬ 
ployed,  and  the  overbar  represents  ensemble  av¬ 
eraging,  i.e.. 


f=hm-y  /t") 

n-.ao  n  ~ 
l/=l 


where  are  the  individual  realizations  of  the 
variable  The  mass-averaged  vari¬ 

able  /  is  defined  as  the  density- weighted  ensem¬ 
ble  average. 


1  1 

/  =  -  lim  i  V 

p  n-*oo  n  ^ 
i/=l 


and  the  fluctuating  variable  f"  in  the  mass- 
averaged  expansion  is 


/"  =  /-/ 

Alternately,  the  fluctuating  variable  f'  in  the 
unweighted  expansion  is 

f'  =  f-f 


In  the  above,  p  is  the  mean  density,  Ui  is  the 
mass-averaged  velocity,  p  is  the  mean  pressure, 
and  i  is  the  mass-averaged  total  energy  per  unit 
mass. 


3.1  Reynolds-Averaged  Equations 


1.  .  , 

c  =  c„T  +  -UiUi  k 


The  Reynolds-averaged  eqiiations  for  conserva¬ 
tion  of  mass,  momentiun  and  energy  are  (see 
Appendix  A), 


dp  dpuk  _  Q 
dt  dXk 


dpuj  dpujUk 
dt  dxk 


dp 

dzi 


+ 


d 

dxk 


(-PU-U'I  +  fik) 


dpi  d  (pi  -f  p)  ilk  _ 
dt  dxk 

^  (^-pu'iului  -1-  Uifik) 


where  k  is  the  mass-averaged  turbulence  kinetic 
energy 


The  equation  of  state  is 

p=  pRT 


The  mean  molecular  viscous  stress  fij  is 


2  .  duk 


,  f  duj  dui\ 


where  /i  =  p(T).  Similarly,  the  molecular  heat 
flux  is 


9k  =  - 


Cpp_^ 

Pr  dxk 


where  Pr  is  the  molecular  Prandtl  number. 
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3.2  Turbulence  Models 

Closure  of  the  Reynolds-averaged  Navier-Stokes 
eqiiations  requires  additional  equations  for  the 
turbulent  stresses  —pu'-u'l^  and  turbulent  heat 
flux  -CppT"ul,  collectively  denoted  as  the  “tur¬ 
bulent  correlations”.  Following  Reynolds  [6],  a 
taxonomy  of  turbulence  closure  models  can  be 
described: 

Zero  Equation 

The  turbulent  correlations  are  expressed  in 
terms  of  an  eddy  viscosity  which  is  obtained 
from  the  mean  field  (».e.,  the  velocity  tifc,  density 
p  and  temperature  T)  and  a  prescribed  physical 
length  scale  which  depends  on  the  speciflc  ge¬ 
ometry  of  the  problem.  No  additional  partial 
differential  equations  are  employed  (hence  the 
name  “zero-equation”). 

One  Equation 

One  additionsil  partial  differential  equation  is 
specified  for  a  turbulence  quantity  {e.g.,  k).  An 
eddy  viscosity  is  typically  employed  for  the  tur¬ 
bulent  correlations.  A  length  scale  is  also  pre¬ 
scribed  which  is  geometry  dependent. 

Two  Equation 

Two  additional  partial  differential  equations  are 
specified  for  two  turbulence  quantities  (e.g.,  k 
and  the  rate  of  dissipation  of  A:).  An  eddy  viscos¬ 
ity  is  typically  employed  for  the  turbulent  cor¬ 
relations.  No  additional  length  scale  is  needed. 

Reynolds  Stress  Equation 
Partial  differential  equations  are  specified  for  the 
components  of  the  Reynolds  stress  —pu'-u'l^.  The 
turbulent  heat  flux  -CppT"ul  may  be  similarly 
modeled  using  a  partial  differential  equation,  or 
modeled  using  an  turbulent  eddy  viscosity.  No 
additional  length  scale  is  needed. 

Large  Eddy  Simulation 
These  simulations  involve  a  time-dependent, 
three-dimensional  computation  of  the  large- 
eddy  structure  and  a  model  for  the  small-scale 
turbulent  motions. 

Direct  Numerical  Simulation 
The  direct  numerical  simulation  involves  the 
computation  of  all  scales  in  a  turbulent  flow. 
These  calculations  are  currently  infeasible  ex¬ 
cept  for  low  Reynolds  numbers  and  relatively 
simple  geometries  due  to  limitations  on  com¬ 
puter  resources. 


Niunerical  simulations  of  3-D  shock  wave- 
turbulent  boimdary  layer  interaction  have  em¬ 
ployed  zero-,  one-  and  two-equation  turbulence 
closure  models.  The  principal  reasons  for  this 
trend  have  been  simplicity  and  cost.  It  is  reason¬ 
able  to  assess  first  the  capability  of  simple  tur¬ 
bulence  models  for  the  prediction  of  3-D  turbu¬ 
lent  interactions.  Also,  the  more  sophisticated 
turbulence  models  {e.g.,  Reynolds  Stress  Equa¬ 
tion)  require  substantially  greater  computer  re¬ 
sources  than  simpler  models.  As  our  knowl¬ 
edge  of  the  capabilities  and  limitations  of  var¬ 
ious  turbulence  closure  models  improves,  and 
cost  of  computation  decreases,  the  trend  is  to¬ 
wards  more  sophisticated  models  of  turbulence. 

The  development  of  turbulence  models  for  mod¬ 
erately  compressible  flows  has  been  based  on  a 
straightforward  extension  of  their  incompress¬ 
ible  counterparts,  i.e.,  allowing  the  density  to 
be  variable.  The  justification  for  this  action  is 
Morkovin’s  hypothesis  [7].  For  turbulent  boun¬ 
dary  layers,  Morkovin’s  hypothesis  states  that 
the  turbulence  structure  is  unaffected  by  com¬ 
pressibility  provided  that  the  Mach  number  is 
less  than  approximately  5  (t.e.,  non-hypersonic) 
and  the  wall  is  adiabatic  or  near-adiabatic.  A 
detailed  discussion  of  Morkovin’s  hypothesis  is 
provided  by  Bradshaw  [8]. 

The  recent  renewed  interest  in  hypersonic  flight 
has  focused  attention  on  the  need  to  imderstand 
the  effects  of  compressibility  for  hypersonic  tur¬ 
bulent  boundary  layers  and  supersonic  shear  lay¬ 
ers,  and  the  inadequacy  of  simple  extensions  of 
incompressible  turbulence  models  to  these  cases. 
Perhaps  the  most  widely  cited  example  is  the 
supersonic  free  shear  layer  wherein  the  rate  of 
growth  is  significantly  affected  by  compressibil¬ 
ity  [91. 

In  the  following  sections,  the  overscripts "  and  “ 
are  omitted  for  clarity. 

4  Results 

A  representative  group  of  3-D  turbulent  interac¬ 
tions  are  reviewed  in  this  section.  The  choices 
eire  intended  to  be  illustrative,  and  certainly  do 
not  include  all  configurations  studied.  Also,  the 
selection  reflects,  to  some  extent,  the  interests 
and  research  of  the  author.  Nonetheless,  the 
specific  examples  manifest  the  general  trends  of 
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Figure  1:  Geometry  of  sharp  fin 

numerical  simulation  of  3-D  turbulent  interac¬ 
tions. 

4.1  Sharp  Fin 

The  sharp  fin  geometry  is  a  wedge  attached 
normal  to  a  flat  plate  (Fig.  1)  on  which  an 
equilibrium  turbulent  boundary  layer  has  devel¬ 
oped.  The  wedge  generates  an  oblique  shock 
wave  which  interacts  with  the  boimdary  layer 
on  the  flat  plate.  The  flow  parameters  are  the 
Mach  number  A/oo>  Reynolds  number  Reg^,  fin 
angle  a  and  wall  temperature  ratio  TuilTaw 

A  representative  group  of  computations  of  the 
sharp  fin  are  listed  in  Table  1,  ordered  by  the 
magnitude  of  the  normal  shock  Mach  number 
Af„  =  Afgo  sin  0  as  suggested  by  Alvi  and  Set¬ 
tles  [1]  where  is  the  freestream  Mach  niun- 
ber  and  9  is  the  shock  angle.  Equivalently,  the 
CMes  could  be  ordered  on  the  basis  of  the  invis- 
cid  pressure  ratio 

ft  _  27-^^n  -  (7  -  1) 
ft  7  +  1 

where  pi  and  are  the  static  pressure  up¬ 
stream  and  downstream,  respectively,  of  the  in- 
viscid  shock.  The  computations  have  employed 
a  vwiety  of  zero-,  one-  and  two-equation  tur- 
brilence  models.  While  most  of  the  calculations 
employed  the  three-dimensional  Reynolds  Aver¬ 
aged  Navier-Stokes  equations,  the  sharp  fin  has 
also  been  computed  using  the  conical  Reynolds 
Averaged  Navier-Stokes  equations  based  on  the 


observed  conicad  behavior^  of  certaun  aspects  of 
the  single  fin  interaction  outside  of  an  inception 
region  at  the  fin  leading  edge  (see,  for  example, 
refs.  [10,  1,  11,  2,  5,  3,  12,  13]). 


Table  1  Sharp  Fin  Computations 


Mao 

a 

Model 

Type 

Eqns 

Ref 

1.13 

2.9 

4° 

Esc 

0 

3-D 

[14] 

B-L 

0 

3-D 

[15] 

1.21 

2.0 

8“ 

Esc 

0 

3-D 

[14] 

1.36 

2.9 

10“ 

Esc 

0 

3-D 

[14] 

B-L 

0 

3-D 

[15] 

1.38 

3.0 

10“ 

J-L 

2 

3-D 

[16] 

1.44 

5.9 

6“ 

Esc 

0 

3-D 

[17] 

1.50 

4.9 

8“ 

B-L 

0 

Con 

[18] 

1.65 

3.0 

16“ 

J-L 

2 

3-D 

[16] 

1.82 

2.9 

O 

O 

B-L 

0 

3-D 

[19] 

J-L 

2 

3-D 

[19] 

B-L 

0 

3-D 

[20j 

1.84 

3.0 

20“ 

J-L 

2 

3-D 

[16] 

1.88 

4.0 

16“ 

B-L 

0 

3-D 

[21] 

J-L 

2 

3-D 

[21], [16] 

1.99 

5.9 

12“ 

Esc 

0 

3-D 

[17] 

2.12 

4.9 

16“ 

B-L 

0 

Con 

[18] 

2.15 

4.0 

O 

O 

B-L 

0 

3-D 

[21] 

J-L 

2 

3-D 

[21,  16] 

B-L 

0 

Con 

[12] 

2.18 

8.2 

o 

O 

Rodi 

2 

3-D 

[22] 

k  —  w 

2 

3-D 

[23] 

B-L 

0 

3-D 

[23] 

2.90 

8.2 

15“ 

Rodi 

2 

3-D 

[22] 

k  —  u) 

2 

3-D 

[23] 

Legend: 

Mn  normal  Mach  number  (=  Mao  sintf) 

Moo  freestream  Mach  number 

a  fin  angle 

Model  turbulence  model 

B-L  Baldwin-Lomax  model  [24] 

Esc  Escudier  model  [25] 

J-L  Jones-Launder  model  [26] 

Rodi  Rodi  model  [27] 
k  —  u>  k  ~  w  model  [28] 

Type  type  of  turbulence  model 
(0  =  Zero  Equation,  etc) 

Eqns  equations  solved 
3-D  3-D  RANS  equations 

Con  conical  RANS  equations 

*See  Appendix  2  for  definition  of  conical  flow. 
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Figure  2:  Surface  pressure  for  sharp  fin  at 
Moo  =  2.9,  a  =  20“,  Res^  =  9x10* 


Many  of  the  principal  features  of  the  surface 
pressure  are  predicted  with  reasonable  accu¬ 
racy  by  all  of  the  turbulence  models  exam¬ 
ined.  In  Fig.  2,  results  are  shown  for  Mn  = 
1.82  (Moo  =  2.9,  a  =  20®)  for  the  Baldwin- 
Lomax  model  (“Theory- Knight” )  and  the  Jones- 
Latmder  model  (“Theory-Horstman”).  The  ab¬ 
scissa  is  the  streamwise  distEuice  mesisured  from 
the  inviscid  shock  location  at  a  spanwise  dis¬ 
tance  6.8^00  from  the  plane  of  symmetry.  The 
computed  profiles  sire  in  close  agreement  with 
the  experimental  data  of  Goodwin  [29]. 

In  Fig.  3,  results  are  shown  for  Mn  =  2.15 
(Moo  =  4.0,  a  =  20®)  for  the  Baldwin- Lomax 
model.  The  abscissa  is  the  conical  angle 
(see  Appendix  2).  The  computed  profiles  dis¬ 
play  general  agreement  with  the  experimental 
data  of  Settles  et  al  [10,  1,  11]  with  regards  to 
the  pesJc  comer  pressure  and  plateau  pressure. 
However,  the  angle  of  the  line  of  upstream  influ¬ 
ence,  defined  eis  the  location  of  the  inception  of 
the  pressure  rise,  is  underestimated  by  approx¬ 
imately  10%,  EUid  the  slight  decrease  in  surface 
pressure  near  =  29°  (which  is  associated  with 
secondary  sepEiration)  is  not  predicted.  Similar 
results  have  been  observed  using  the  Baldwin- 
Lomax  model  for  other  sharp  fin  cases  {e.g., 
[30]). 

In  Fig.  4  results  are  shown  for  M„  =  2.90 
(Moo  =  8.2,  a  =  15°)  for  the  Jones-Latmder 
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Figure  3;  Surface  pressure  for  sharp  fin  at 
Moo  =  4.0,  Q  =  20°,Res„  =  2.2x10* 


Figure  4:  Surface  pressure  for  sharp  fin  at 
Moo  =  8.2,0  =  15°,  Res^  =  1.9x10* 


and  Rodi  models*.  The  abscissa  is  the  span- 
wise  distance  meEismed  from  the  fin  surface  at 
*  =  4.9^00 •  The  agreement  between  the  compu¬ 
tation  and  experiment  [31]  is  good.  Similar  close 
agreement  was  obtained  for  the  k  —  w  model  [23]. 

The  pitot  pressure  and  yaw  angle  profiles  within 
the  interaction  flowfield  are  predicted  with  rea¬ 
sonable  accuracy  by  all  of  the  turbulence  models 
examined  except  close  to  the  smface.  The  yaw 
angle  is  defined  as  tan"^(u//u)  where  u  and  w 

^Computations  have  also  been  performed  for  this  con¬ 
figuration  using  the  Baldwin-Lomax  model  and  the  con¬ 
ical  RANS  [22].  Recent  results  [23]  suggest,  however, 
that  the  assumption  of  conical  flow  within  the  region 
of  experimental  measurements  is  incorrect  for  this  case, 
and  therefore  the  conical  RANS  computations  using  the 
Baldwin-Lomax  model  are  not  presented  herein. 
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Figure  5:  Pitot  pressure  for  sharp  fin  at 
Moo  =  2.9,  a  =  2Q°,Res^  =  9.0x10® 


Figure  6:  Yaw  angle  for  sharp  fin  at 
Moo  =  2.9, Q  =  20°,fle«^  =  9.0x10® 

axe  the  velocity  components  in  the  x  and  z  di¬ 
rections,  respectively  (Fig.  1).  In  Fig.  5,  com¬ 
puted  and  experimental  pitot  pressure  profiles 
are  shown  for  M„  =  1.82  (Moo  =  2.9, a  =  20°). 
Results  are  shown  for  the  Baldwin- Lomax  model 
( “Theory- Knight” )  and  Jones-Launder  model 
(“Theory-Horstman”).  The  profile  location  is 
immediately  beneath  the  inviscid  shock  at  a 
spanwise  location  of  5.3  ^oo-  The  agreement  be¬ 
tween  the  computations  and  experiment  is  gen¬ 
erally  good'*.  The  minimum  pitot  pressure  at 
y/Soc  *5  0.5  is  associated  with  the  core  of  the 
vortex  generated  by  the  shock  boundary  layer 
interaction  [19]. 

In  Fig.  6,  computed  eind  experimental  yaw  angle 

^The  differences  in  computed  pitot  pressure  for 
y/^oc  >2  are  associated  with  the  shock  capturing  na¬ 
ture  of  the  numerical  algorithms,  as  the  profile  location 
coincides  with  the  inviscid  shock. 


Figure  7;  Pitot  pressure  for  sharp  fin  at 
Moc,.=  8.2,a=  15°,  Res^  =  1.9x10® 

profiles  are  displayed  at  the  same  location  as 
Fig.  5.  Except  in  the  immediate  vicinity  of  the 
wall,  the  comparison  between  the  computed  and 
experimental  profiles  is  generally  good.  Near  the 
surface,  typical  differences  of  10%  are  observed 
between  the  computation  and  experiment,  and 
between  the  two  computations  themselves®. 

In  Fig.  7,  computed  and  experimental  pitot 
pressure  profiles  are  shown  for  M„  =  2.90 
(Moo  =  8.2,  a  =  15°)  for  the  Jones-Launder  and 
Rodi  models.  The  location  is  within  the  3-D  tur¬ 
bulent  interaction,  and  upstream  of  the  inviscid 
shock  wave.  The  agreement  with  experiment  is 
good,  and  no  significant  difference  is  seen  be¬ 
tween  the  computations. 

In  Fig.  8,  computed  and  experimental  yaw  angle 
profiles  are  displayed  at  the  same  position.  Gen¬ 
erally,  the  computations  show  reasonable  agree¬ 
ment  with  experiment,  except  in  the  irmnedi- 
ate  vicinity  of  the  surface  where  sigmficant  dis¬ 
crepancies  are  evident.  In  particular,  the  Rodi 
model  overestimates  the  surface  yaw  angle  by 
17%,  while  the  Jones-Launder  model  exceeds  the 
experimental  value  by  31%. 

The  principal  features  of  the  heat  transfer  dis¬ 
tribution  on  the  flat  plate  are  predicted  with 
reasonable  accuracy  by  the  turbulence  models 
examined,  although  a  detailed  comparison  dis¬ 
plays  significant  discrepancies  in  some  cases.  In 
Fig.  9,  the  computed  emd  measured  heat  trans¬ 
fer  coefficient  c/,  on  the  flat  plate,  normalized  by 

*In  the  latter  case,  the  differences  are  very  close  to 
the  surface  and  not  readily  visible  in  the  figure. 
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Figure  8:  Yaw  angle  for  sharp  fin  at 
Moo  =  8.2,  a  =  15MZe«„  =  l.QxlO^ 


Figure  9;  Heat  transfer  for  sharp  fin  at 
Moo  =  5.9, a  =  l2°,Rei^  =  1.3x10® 

the  upstream  value  c/,^ ,  are  shown  for  M„  =  2.0 
(Moo  =  5.9, a  =  12°).  The  computations  em¬ 
ployed  the  Escudier  model.  The  abscissa  is  the 
spanwise  distance  measured  from  the  fin  surface 
and  normalized  by  the  spanwise  distance  be¬ 
tween  the  fin  and  inviscid  shock  at  the  measure¬ 
ment  location.  The  computed  profile  displays 
the  general  trend  of  the  experimental  data.  The 
peak  heat  transfer,  a  particularly  important  pa¬ 
rameter  in  design,  is  accurately  predicted.  How¬ 
ever,  the  computed  Ch  overpredicts  the  experi¬ 
ment  within  the  region  surroimding  the  inviscid 
shock  wave  {y/y,  ~  1). 

In  Fig.  10,  the  computed  and  measured  heat 
transfer  coefficient  c^,  normalized  by  the  up¬ 
stream  value  Ch^,  are  displayed  for  M„  =  2.12 
(Moo  =  4.92,  a  =  16°).  The  computations  em¬ 


Figure  10:  Heat  transfer  for  sharp  fin  at 
Moo  =  5.0,0  =  U\Res^  =  2.4x10® 


Figure  11;  Heat  transfer  for  sharp  fin  at 
Moo  =  4.0,0  =  20°,.Retf„  =  2.0x10® 

ployed  the  Baldwin- Lomax  model  and  the  coni¬ 
cal  RANS.  The  abscissa  is  the  polar  angle  0  (see 
Appendix  2).  The  computed  profile  displays  the 
general  trend  of  the  experimental  data,  and  pre¬ 
dicts  the  peak  ca  within  15%;  however,  the  ini¬ 
tial  increase  in  c/,  near  the  line  of  upstream  in¬ 
fluence  Bit  0  =  43°  is  not  observed  in  the  com¬ 
putations. 

In  Fig.  11,  the  computed  and  measured  Ch,  nor- 
nuilized  by  the  upstreeun  value  Ch^  are  shown 
for  Mn  =  2.15  (Moo  =  4.0,  o  =  20°).  Results 
are  shown  for  the  Jones-Launder  model.  The 
abscissa  is  the  polar  angle  0  (see  Appendix  2), 
and  the  results  are  shown  at  a  radial  distance 
of  31fioo  from  the  fin  leading  edge.  The  com¬ 
puted  profile  displays  the  general  trend  of  the 


3-8 


z  ■  xiana  (cm) 


Figure  12:  Heat  transfer  for  sharp  fin  at 
Afoo  =  8.2,  a  =  15®,  Res^  =  9x10® 

experimental  data  and  accurately  estimates  the 
peak  value  of  c^]  however,  the  location  of  the 
computed  peak  Ch  differs  from  the  experiment 
by  10%  in  /3,  and  the  computed  c^  significantly 
vinderestimates  the  experiment  near  the  comer. 
The  small  drop  in  c/,  in  the  vicinity  of  the  sec¬ 
ondary  separation  line  at  /3  =  40®  is  not  ob¬ 
served  in  the  computation. 

In  Fig.  12,  the  computed  and  measured  wall 
heat  transfer  normalized  by  the  upstream 
wall  heat  transfer  ,  is  displayed  for  Af„  =  2.9 
(Moo  =  8.2,  a  =  15°).  Results  Jire  shown  for  the 
Jones-Laimder  and  Rodi  models.  The  abscissa  is 
the  spanwise  distance  measured  &om  the  fin  sur¬ 
face  at  the  experimental  measurement  location 
X  =  4.5^00  •  The  computed  profiles  display  the 
general  trend  of  the  experiment;  however,  the 
peak  heat  transfer  coefficient  is  overestimated 
by  48%. 

In  Fig.  13,  the  computed  and  measured  wall 
heat  is  shown  for  the  same  conditions  as  Fig.  12 
for  the  k  —  u>  model.  The  computed  profiles  ex¬ 
hibit  similar  trends  as  the  experiment.  The  peak 
heat  trsmsfer  is  predicted  within  10%;  however, 
differences  elsewhere  as  large  as  40%  are  evident 
elsewhere. 

The  principal  features  of  the  skin  friction  distri¬ 
bution  on  the  flat  plate  are  predicted  with  a  level 
of  accuracy  similar  to  the  surface  heat  transfer. 
In  Fig.  14,  the  computed  and  measured  skin 
friction  coefficient  c/  on  the  flat  plate  are  shown 
for  Mn  =  1.88  (Moo  =  4,a  =  16°).  Results 


0.00  0.02  0.04  o.oe  o.oa  o.io  0.12 

z  —  X  t«na  (m) 

Figure  13:  Heat  transfer  for  sheirp  fin  at 
Moo  =  8.2,0  =  15°,  Res^  =  9x10® 


Figure  14:  Skin  friction  for  sharp  fin  at 
Moo  =  4.0,0  =  16°,  Res,,  =  2.0x10® 

eire  shown  for  the  Baldwin-Lomax  model.  The 
abscissa  is  the  polar  angle  (see  Appendix  2), 
and  the  results  are  shown  at  a  radial  distance  of 
30^00  from  the  fin  leading  edge.  The  computed 
profile  displays  the  basic  trend  of  the  experimen¬ 
tal  data;  however,  the  peak  c/  is  underestimated 
by  22%.  The  small  drop  in  c/  associated  with 
the  secondary  separation  line  at  /?  =  32.5°  is  not 
observed  in  the  computation. 

In  Fig.  15,  the  computed  and  measured  c/  are 
shown  for  M„  =  2.18  (Moo  =  8.2,  o  =  10°).  Re¬ 
sults  are  presented  for  the  Jones-Laimder  model. 
The  abscissa  is  the  spanwise  distance  measured 
from  the  fin  surface  at  a;  =  4.25oo-  The  com¬ 
puted  profiles  display  good  agreement  with  ex¬ 
periment;  in  particular,  the  peak  c/  is  predicted 
within  the  experimental  imcertainty. 

In  Fig.  16,  the  computed  and  measured  c/  are 
shown  for  M„  =  2.9  (Moo  =  8.2,  a  =  15°).  Re¬ 
sults  are  presented  for  the  Jones-Launder  and 


Figure  15:  Skin  firiction  for  sharp  fin  at 
Af<»  =  8.2,  a  =  =  1,9x10® 


Figure  17;  Skin  friction  for  sharp  fin  at 
Moo  =  8.2,0  =  l5°,Res^  =  1.9x10® 


Figure  18:  Turbulent  eddy  viscosity  for  sharp 
fin  at  =  3.0,  Res^  =  9.0x10®,  o  =  20“ 


Figure  16:  Skin  friction  for  sharp  fin  at 
Moo  =  8-2,0  =  15\Res^  =  1.9x10* 

Rodi  models.  The  abscissa  is  the  sp2mwise  dis¬ 
tance  measured  from  the  fin  surface  at  z  = 
4.2^00.  The  computed  profiles  again  display 
good  agreement  with  experiment,  and  predict 
the  peak  c/  within  the  experimental  uncertainty. 

In  Fig.  17,  the  computed  and  measured  skin 
friction  is  shown  for  the  s^mae  conditions  as  Fig. 
16  for  the  k  —  w  model.  The  computed  profiles 
exhibit  similar  trends  as  the  experiment.  The 
skin  friction  is  predicted  within  the  experimental 
uncertainty. 

The  results  described  above  indicate  that  the 
computed  pitot  pressure  and  yaw  angle  are  rela¬ 
tively  insensitive  to  the  particular  choice  of  tur¬ 
bulence  model,  except  in  the  immediate  vicin¬ 
ity  of  the  surface.  Similarly,  the  computed  sur¬ 
face  pressure  is  insensitive  to  the  turbulence 


model.  A  detailed  comparison  of  the  computed 
turbtilent  eddy  viscosity  was  conducted  for  Af„ 
=  1.84  (Moo  =  3,0  =  20“).  An  example  is 
shown  in  Fig.  18  at  z  =  115<»  at  a  span- 
wise  distance  of  6tfoo  from  the  fin  which  corre¬ 
sponds  to  a  location  within  the  3-D  interaction. 
The  computed  eddy  viscosities  for  the  Baldwin- 
Lomax  (denoted  “Knight”)  and  Jones-Launder 
(denoted  “Horstman”)  modeb  differ  by  as  much 
as  a  factor  of  14,  while  the  computed  pitot  pres¬ 
sure,  yaw  angle  and  pitch  angle®  profiles  agree 
to  within  a  few  percent  except  very  close  to  sur¬ 
face  (t.e.,  within  approximately  the  lowest  10% 
of  the  boundary  layer)  [19]. 

These  results  indicate  that  the  flowfield  is  pre¬ 
dominantly  rotational  and  inviscid,  except  in  a 
thin  region’^  adjacent  to  the  flat  plate.  This 
result  b  conceptually  similar  to  the  triple-deck 

*The  pitch  angle  U  defined  as  tan^'fv/V'U^  -)- 
and  represents  the  angle  of  the  mean  velocity  vector  mea¬ 
sured  vertically  from  the  flat  plate. 

^ I.e.,  thin  compared  to  the  upstream  boundary  layer 
thickness  Soo- 
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Figure  19:  Quasi-conical  flowfield  model  for  sin¬ 
gle  fin  [1] 

theory  developed  for  interacting  boundary  lay¬ 
ers  (e.g.,  Stewartson  [32])  and  extended  to  non- 
separated  3-D  shock  wave-turbulent  boundary 
layer  interactions  by  Inger  [33,  34,  35).  The 
first  region  (“deck”)  is  immediately  adjacent  to 
the  flat  plate.  In  this  region,  the  flow  dynam¬ 
ics  are  governed  by  both  viscous  and  inviscid 
effects.  The  turbulent  stresses  and  heat  trans¬ 
fer  (and  hence,  the  turbulence  model)  are  im¬ 
portant  to  the  flow  physics.  The  second  region, 
immediately  above  the  first  deck,  is  rotational 
and  inviscid  to  a  first  approximation,  t.e.,  tur¬ 
bulent  stresses  and  heat  transfer  are  higher  or¬ 
der  effects.  This  region  comprises  most  of  the 
boimdary  layer*.  The  third  region  is  the  two- 
dimensional  inviscid,  irrotational  wedge  flow. 

These  observations  imply  that  the  turbulence 
model  is  important  for  the  prediction  of  surface 
skin  friction  and  heat  transfer.  The  majority  of 
the  computed  flowfield,  however,  is  relatively  in¬ 
sensitive  to  the  turbulence  model  provided  the 
proper  upstream  boundary  layer  profile  is  pre¬ 
scribed. 

The  mean  flowfield  has  been  found  in  both  ex¬ 
periment  and  computation  to  be  quasi-conical 
outside  an  inception  region  near  the  fin  leading 
edge  (see,  for  example,  refs.  [10,  1,  11,  2,  5,  3, 
12,  13]).  This  allows  a  substantial  simplifica¬ 
tion  in  the  description  of  the  flowfield  stnictme 

'it  is  difficult  to  piescribe  a  precise  definition  of  the 
local  boundary  layer  thickness  in  a  3-D  turbulent  interac¬ 
tion.  Nonetheless,  it  is  possible  to  envision  the  boundary 
layer  region  for  the  3-D  single  fn  as  the  domain  wherein 
the  flowfield  differs  significantly  from  the  2-D  inviscid 
wedge  flow. 


Figure  20:  Entrainment  into  vortex  for  sharp  fin 

for  strong  interactions  as  shown  in  Fig.  19.  The 
main  shock  bifurcates  into  a  separation  and  rear 
shock.  A  portion  of  the  incoming  flow  is  en¬ 
trained  into  the  vortex  (Fig.  20).  The  level  of 
entrairunent  depends  ou  Mn-  The  incoming  flow 
originating  above  the  entrainment  surface  flows 
over  the  vortex  and  attaches  obliquely  on  the  flat 
plate,  causing  enhiinced  skin  friction  and  heat 
transfer.  The  wave  structure  associated  with 
the  attaching  flow  includes  compression  by  the 
separation  and  rear  shocks,  expansion  over  the 
leeside  of  the  vortex,  and  recompression  near  the 
flat  plate. 

4.2  Blunt  Fin 

The  blunt  fin  geometry  is  a  fin  of  constant  thick¬ 
ness  with  rounded  leading  edge,  and  attached 
normal  to  a  flat  plate  (Fig.  21)  on  which  an 
equilibrium  tmbulent  boundary  layer  has  devel¬ 
oped.  The  blunt  leading  edge  generates  a  shock 
wave  which  interacts  with  the  boundary  layer  on 
the  flat  plate.  The  flow  parameters  are  the  Mach 
number  Moo,  Reynolds  number  Reg^,  ratio  of 
boundary  layer  thickness  Soo  to  leading  edge  di¬ 
ameter  D,  and  waU  temperature  ratio  T^i/Tow 

The  computations  of  the  blunt  fin  are  listed  in 
Table  2.  Computations  have  been  performed  for 
Moo  =  2.95  and  3.71  at  Reynolds  numbers  from 
=  0.8x10®  to  9x10®  and  approximately 
adiabatic  wall  temperatures.  The  only  turbu¬ 
lence  model  employed  is  Baldwin-Lomax. 


3-11 


Table  2  Blunt  Fin  Computations 


Mee 

Soc/D 

Model 

Type 

Ref 

2.95 

0.10 

0.8x10® 

B-L 

0 

[36] 

0.26 

2.1x10® 

B-L 

0 

[36] 

l.OO 

8.0x10® 

B-L 

0 

[36] 

3.71 

1.00 

4.3x10® 

B-L 

0 

[37] 

Legend; 

Moo  freestream  Mach  niunber 
6ao  boundary  layer  thickness 
D  diameter  of  fin  leading  edge 
Model  turbulence  model 
B-L  Baldwin-Lomax  model  [24] 

Type  type  of  turbulence  model 
(0  =  Zero  Equation,  etc) 

The  computed  surface  pressure  shows  good 
agreement  with  experiment.  The  computed 
pressure  on  the  fin  surface  for  M^,  —  2.95  and 
SoolD  =  1.0  is  shown  in  Fig.  22  at  =  0°  and 
45°,  where  <f>  is  the  polar  angle  measured  from 
the  leading  edge  of  the  blunt  fin.  The  ordinate 
is  the  distance  normal  to  the  flat  plate,  and  the 
abscissa  is  the  surface  static  pressiue  normalized 
by  the  total  pressure  ptj  behind  a  normal  shock 
at  the  freestreiim  Mach  number.  Overall,  there 
is  close  agreement  between  the  computation  and 
experiment.  The  peak  pressure  at  zfD~  1.2  is 
due  to  the  supersonic  jet  formed  by  the  Edney 
Type  rV  interference  associated  with  the  inter¬ 
section  of  the  separation  shock  (Fig.  23)  and 
bow  shock  [38],  although  no  such  supersonic  re¬ 
gion  was  observed  in  the  computation  due  pos¬ 
sibly  to  inadequate  grid  resolution. 


Figure  22:  Static  pressure  for  blunt  fin  on  ^  =  0 
and  45° 


Bow 


Figure  23;  Shock  structure  for  blunt  fin 
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Figure  24:  Static  pressure  for  blunt  fin  on  cen¬ 
terline 
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Figure  25:  Static  pressure  for  blunt  fin  on  y/Z?  = 
1,2,3  and  4 


Figure  26:  Geometry  for  cylinder/flare 


The  surface  pressure  on  the  synunetry  plane 
(Fig.  24)  shows  similar  close  agreement  between 
computation  and  experiment.  It  is  known,  how¬ 
ever,  that  the  separation  shock  wave  is  unsteady 
with  substantial  motion  on  the  scale  of  the  fin 
diameter  D  [39,  40],  and  thus  the  upstream  por¬ 
tion  of  the  mean  experimental  surface  pressure 
distribution  represents  the  average  signal  associ¬ 
ated  with  a  moving  shock.  Since  D  may  be  large 
or  comparable  to  S^,  the  Reynolds-averaged 
Navier-Stokes  equations  may  be  formally  capa¬ 
ble  of  resolving  the  unsteady  shock  motion  pro¬ 
vided  the  effects  of  turbulence  are  properly  mod¬ 
eled  and  sufficient  grid  resolution  is  employed. 
To  date,  computations  of  the  blunt  fin  have  been 
foimd  to  be  steady.  This  discrepancy  may  be  at¬ 
tributable  to  inadequate  grid  refinement  and/or 
inaccuracies  in  the  turbulence  model.  The  sur¬ 
face  pressure  at  y/D  =  1,  2,  3  and  4,  shown  in 
Fig.  25,  show  similar  close  agreement  between 
computation  and  experiment. 

4.3  Cylinder/Flare 

The  asymmetric  cylinder /flare  geometry,  shown 
in  Fig.  26,  is  a  cylinder  and  a  frustum  of  a 
cone  (flare)  whose  centerline  is  offset  relative  to 
the  cylinder  axis.  The  cone  generates  a  three- 
dimensional  shock  wave  which  interacts  with  the 
boimdary  layer  on  the  cylinder.  The  flow  pa¬ 
rameters  are  the  Mach  number  Moo,  Reynolds 
number  Res^,  cone  half-angle  /?,  cone  angle  of 
attack  a  and  wall  temperature  ratio  T^ifTaw 

The  computations  of  the  cylinder /flare  are  listed 
in  Table  3.  A  single  study  of  the  asymmetric 
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cylinder/ flare  has  been  performed  [41,  42,  43] 
at  =  2.85,  Res^  =  1.8x10*,  0  =  30®, 
a  =  5®  and  10°,  and  approximately  adiabatic 
wall  conditions.  The  computations  employed 
the  Jones-Launder  turbulence  model  with  the 
Viegas-Rubesin  wall  functions  [44]. 

Table  3  Cylinder/Flare  Computations 

Moo  a  0  Model  Type  Ref 

2.85  5®  30®  J-L  2  [42, 43] 

10®  30®  J-L  2  [42, 43] 

Legend: 

Moo  freestream  Mach  number 
a  cone  angle  of  attack 
0  cone  half-angle 
Model  turbulence  model 
J-L  Jones-Launder  model  [26] 

Type  type  of  turbulence  model 
(0  =  Zero  Equation,  etc) 

The  basic  flow  structure  on  the  windward  plane 
of  symmetry  is  shown  in  Fig.  27.  The  flare  de¬ 
flects  the  flow  by  an  angle  a  -¥0  through  a  shock 
system.  Within  the  neighborhood  of  the  boun¬ 
dary  layer,  a  bifurcated  shock  is  formed  whose 
upstream  and  downstream  segments  are  denoted 
the  separation  smd  reattachment  shocks.  The 
adverse  pressure  gradient  associated  with  the 
shock  system  causes  separation  of  the  turbulent 
boimdary  layer  and  formation  of  a  recirculation 
vortex.  High  speed  shadowgraph  movies  syn¬ 
chronized  with  wall  pressure  measurements  have 
demonstrated  that  the  entire  shock  system  is  un¬ 
steady  with  streamwise  excursions  on  the  order 
of  6oo  which  increase  in  amplitude  with  increas¬ 
ing  a.  Therefore,  the  flow  structure  in  Fig.  27 
represent  an  instantaneoiis  image. 

The  computed  and  experimental  meein  surface 
pressme  on  the  windward  symmetry  plane  we 
displayed  in  Fig.  28  for  a  =  5®  and  10®.  The  up¬ 
stream  influence  point  (t.c.,  the  location  of  the 
initial  rise  in  surface  pressure)  is  underpredicted 
by  l.ltfoo  and  1.2Soo  for  a  =  5°  and  10®,  respec¬ 
tively.  The  experimental  surface  pressure  distri¬ 
bution  represents  the  time  average  of  a  pressure 
signal  caused  by  a  shock  system  moving  on  the 
scale  of  the  mean  flow  (i.e.,  5oo).  The  computed 
flowfield  flowfield  was  fo\md  to  be  steady,  in 


Figure  27;  Flowfield  for  cylinder/flare 

contrast  to  the  experiment,  and  therefore  close 
agreement  with  the  experimental  surface  pres¬ 
sure  in  the  vicinity  of  the  upstream  influence 
point  is  not  expected.  The  computed  profile 
overestimates  the  plateau  pressure  by  typically 
15%  to  20%.  The  rapid  pressure  rise  down¬ 
stream  of  the  comer  (z  >  0)  is  accurately  pre¬ 
dicted. 

The  mean  velocity  profiles  in  the  z-  direction 
are  not  accurately  predicted.  The  computed  and 
measured  mean  velocity  are  displayed  in  Fig.  29 
for  a  —  10®.  In  the  vicinity  of  the  upstream 
limit  of  the  surface  pressure  plateau  region  (e.g., 
z  =  -3.0  and  -2.5  cm),  significant  differences 
are  evident.  These  may  be  attributable  to  the 
lack  of  unsteadiness  in  the  computed  shock  sys¬ 
tem.  Downstream  of  the  comer  (z  >  0),  the  cal¬ 
culated  profiles  show  substantial  disagreement 
with  experiment. 

The  turbulence  kinetic  energy  k  profiles  are  also 
inaccurately  predicted.  The  computed  and  mea¬ 
sured  k  are  shown  in  Fig.  30  for  a  =  10°.  The 
cedculated  profiles  differ  substantially  from  the 
experiment  at  all  locations  within  the  interac¬ 
tion. 

in  summary,  the  computed  flowfield  displays  sig¬ 
nificant  differences  with  experiment.  The  most 
important  defect  in  the  numerical  simulation 
may  well  be  the  absence  of  imsteadiness  in  the 
computed  shock  system.  Since  the  scale  of  the 
unsteadiness  (=s  l^oc)  is  comparable  to  overall 
size  of  the  interaction  (ss  8^oo).  a  substantial 
fraction  of  the  experimental  flowfield  may  ar¬ 
guably  be  regarded  as  strongly  influenced  by  the 
shock  unsteadiness.  Further  research  is  needed 
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Figxure  28;  Surface  pressure  for  cylinder/ flare 


Figure  29;  Velocity  for  cylinder/flare 


Figure  30;  Turbulence  kinetic  energy  for  cylin¬ 
der/flare 


Shock 


Figure  31;  Geometry  for  swept  co.npression  cor¬ 
ner 

to  improve  the  accuracy  of  the  numerical  simu¬ 
lation. 

4.4  Swept  Compression  Corner 

The  swept  compression  comer  geometry,  shown 
in  Fig.  31,  is  a  compression  comer  swept  down¬ 
stream.  The  compression  comer  generates  a 
shock  wave  which  interacts  with  the  boundary 
layer  on  the  flat  plate.  There  is  a  symmetry 
pl2tne  at  the  apex  of  the  swept  comer  {z  =  0). 
The  flow  parameters  are  the  Mach  number  Moo, 
Reynolds  number  Res^,  compression  angle  a 
measured  in  the  streamwise  z— y  plane,  sweep  an¬ 
gle  A,  and  wall  temperature  ratio  T^^jTaw  The 
sharp  fin  is  the  limiting  case  a  =  90°. 

The  computations  of  the  swept  compression  cor¬ 
ner  are  listed  in  Table  4.  All  computations 
known  to  the  author  have  been  performed  for 
Moo  =  2.95.  The  Reynolds  numbers  vary  from 


=  1.4x10*  to  9x10*.  The  wall  temperature 
is  approximately  adiabatic. 


Table  4  Swept  Compression 
Corner  Computations 

Afoo  =  2.95 


a 

A 

Model 

Type 

Ref 

24° 

40° 

C-S 

0 

[45,  46] 

J-L 

2 

[45,  46] 

[47,  48] 

B-L 

0 

[47,  48] 

24° 

60° 

B-L 

0 

[48,  49] 

J-L 

2 

[48,  49] 

30° 

60° 

B-L 

1 

[50] 

5°  24° 

0  -*  60° 

J-L 

2 

[51] 

Legend: 

Afd.  freestream  Mach  number 
a  compression  angle 
A  sweep  angle 
Model  turbulence  model 
B-L  Baldwin-Lomax  model  [24] 

C'S  Cebeci-Snaith  model  [52] 

J-L  Jones-Launder  model  [26] 

Type  type  of  turbulence  model 
(0  =  Zero  Equation,  etc) 

There  is  general  agreement  between  the  com¬ 
puted  and  experimental  surface  pressure.  In 
Figs.  32,  results  are  shown  for  Moo  =  2.95, 
a  =  24°  and  A  =  40°.  The  abscissa  is  the 
streamwise  distance  measured  from  the  corner 
line  XcarncT  =  xtanA.  Results  are  shown  at  a 
spanwise  location  —  l^J-  The  computa¬ 

tions  employed  the  Cebeci- Smith  model  (Case 
3),  Jones-Launder  model  integrated  to  the  wall 
(Ccise  4)  and  Baldwin-Lomax  model  (Case  5). 
The  computed  profiles  using  all  three  turbu¬ 
lence  models  are  in  general  agreement  with  ex¬ 
periment.  (No  experimental  data  was  available 
downstream  of  the  corner  line).  Except  in  the 
immediate  vicinity  of  the  line  of  upstream  in¬ 
fluence  (i.e.,  the  location  of  the  initial  pres¬ 
sure  rise),  the  calculated  pressure  for  all  cases 
is  within  14%  of  the  experiment.  The  Baldwin- 
Lomax  model  imderestimates  the  upstream  in¬ 
fluence,  but  predicts  the  level  of  pressure  plateau 
with  greater  accuracy.  The  Cebeci-Smith  and 
Jones-Launder  models  agree  more  closely  with 
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Figure  32:  Surface  pressure  for  swept  compres¬ 
sion  corner  for  a  =  20°  and  A  =  40° 
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Figure  33:  Surface  pressure  for  swept  compres¬ 
sion  corner  for  a  =  20°  and  A  =  60° 

the  experimental  upstream  influence  line,  but 
overestimate  the  plateau  pressure. 

In  Fig.  33,  results  are  shown  for  a  =  24° 
and  A  =  60°  at  a  spanwise  location  z/S-^  ~ 
7.85.  The  computations  employed  the  Baldwin 
Lomax  model  (Case  1)  and  Jones-Launder 
model  with  the  V^iegas-Rubesin  [44]  wall  func¬ 
tions  (Case  2).  The  computed  profiles  using 
both  turbulence  models  display  good  agreement 
with  experiment.  Notwithstanding  the  underes¬ 
timate  of  the  upstream  influence  line,  the  com¬ 
puted  surface  pressure  agrees  with  experiment 
to  within  10%. 

The  pitot  pressure  is  predicted  with  reasonable 
accuracy  by  all  turbulence  models  examined. 
The  computed  and  experimental  pitot  pressure 
for  ^  2.95,  a  =  24°,  and  A  40°  are 
displayed  in  I'igs.  34  to  36  at  ;  -  and 
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Figure  34:  Pitot  pressure  for  swept  compression 

corner  for  a  =  20°  and  A  =  40'*  Figure  37:  Yaw  angle  for  swept  compression  cor¬ 

ner  for  a  =  20°  and  A  =  40° 


Figure  35:  Pitot  pressure  for  swept  compression 
corner  for  a  =  20°  and  A  =  40° 
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Figure  38:  Yaw  angle  for  swept  compression  cor¬ 
ner  for  a  =  20°  and  A  =  40° 
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Figure  36:  Pitot  pressure  for  swept  compression 
corner  for  a  —  20°  and  A  =  40° 


Figure  39:  Yaw  angle  for  swept  compression  cor¬ 
ner  for  a  =  20°  and  A  =  40° 


Figure  40:  Skin  friction  lines  for  swept  compres¬ 
sion  corner 

*  -  2  tan  A  =  0.4^001 2.6^00  and  6.0^oo,  respec¬ 
tively.  The  first  profile  (*  -  ztanA  =  0.4^oo)  is 
located  approximately  at  the  comer  line.  The 
second  profile  (*  —  2  tan  A  =  2.6^oo)  is  located 
near  the  line  of  divergence  (line  of  attachment) 
on  the  compression  surface.  The  third  profile 
(*  —  2  tan  A  =  O.O^oo)  is  located  far  doivnstream 
of  the  comer  interaction.  The  computed  pro¬ 
files  display  general  agreement  with  the  exper¬ 
iment,  and  exhibit  minor  differences  associated 
with  the  specific  turbulence  model. 

The  yaw  angle  is  similarly  predicted  with  rea¬ 
sonable  accuracy.  Computed  and  experimental 
profiles  are  displayed  in  Figs.  37  to  39  for  the 
same  flow  conditions  and  locations  as  the  pitot 
pressure.  At  a  -  2  tan  A  =  0.4ioo.  the  computed 
profiles  overestimate  the  yaw  angle  by  as  much 
as  20°;  however,  the  computed  yaw  angle  near 
the  surface  agrees  with  the  experiment  to  within 
10%.  Near  the  line  of  divergence  (Fig.  38)  and 
downstream  of  the  comer  (Fig.  39),  all  models 
predict  the  yaw  angle  within  the  experimental 
uncertainty.  Except  within  the  lowest  10%  of 
the  boundary  layer  where  the  computed  yaw  an¬ 
gles  differ  typically  by  10%,  the  calculated  pro¬ 
files  are  virtually  identical. 

The  computed  skin  friction  lines  for  -  2.95, 
a  =  24°,  and  A  =  60°  using  the  Baldwin-Lomax 
model  are  displayed  in  Fig.  40.  A  line  of  coales¬ 
cence  (line  of  separation  in  the  sense  of  Lighthill 
[53])  forms  upstream  of  the  corner.  The  angle 
of  the  computed  line  of  coalescence,  measured 
relative  to  the  spanwise  coordinate  direction,  is 
approximately  10%  greater  than  the  experimen¬ 
tal  surface  flow  visualization  [47],  implying  that 
the  computed  extent  of  upstream  influence  is 
smaller  than  observed  in  the  experiment.  This 
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Figure  41:  Streamlines  for  swept  compression 
comer 

observation  is  consistent  with  the  results  for  sur¬ 
face  pressure  (Figs.  32  and  33).  The  line  of  di¬ 
vergence  (line  of  attachment)  is  located  on  the 
compression  surface. 

The  general  agreement  between  the  computa¬ 
tion  and  experiment  permits  determination  of 
the  flowfield  stmcture  using  the  calculated  flow- 
fields.  A  series  of  computed  mean  streamlines 
are  shown  in  Fig.  41  for  Moo  =  2.95,  a  =  24°, 
and  A  =  60°.  The  two  families  of  streamlines 
originate  at  y/^oo  =  0.2  eind  0.8  at  z  -  2  tan  A  = 
-12.25oo-  The  streamlines  originating  at  y/^oc 
=  0.2  are  entrained  into  a  vortex  whose  axis  is 
approximately  aligned  with  the  corner  line.  The 
streamlines  originating  at  y/^oo  =  0.8  move  over 
the  vortex  and  continue  downstream  over  the 
compression  ramp.  A  similar  structure  is  ob¬ 
served  at  a  =  24°  and  A  =  40°. 

The  general  mean  streamline  model,  deduced 
from  the  computations,  is  shown  in  Fig.  42.  The 
principsd  feature  is  a  large  vortex  approximately 
coincident  with  the  corner  line.  A  three  di¬ 
mensional  surface  of  separation  originates  from 
the  line  of  separation  and  spirals  into  the  core 
of  the  vortex.  The  streamlines  in  this  surface 
are  strongly  skewed  in  the  spanwise  direction. 
Another  three  dimensional  surface,  originating 
within  the  upstream  boundary  layer,  intersects 
the  compression  surface  at  the  line  of  attach¬ 
ment.  This  surface  marks  the  extent  of  the  flow 
entrained  into  the  vortex.  Within  the  upstream 
boundary,  fluid  beneath  this  surface  is  entrained 
into  the  vortex,  while  fluid  above  this  surface 
passes  over  the  vortex  and  up  the  compression 
ramp.  The  general  features  of  the  streamline 
structure  is  similar  to  the  3-D  single  fin  (Fig. 
20). 
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Figure  42:  Flowfield  model  for  swept  compres¬ 
sion  comer 


Figure  43:  Height  of  entrainment  surface  for 
swept  compression  comer 


I 


The  nature  and  extent  of  the  computed  entrain¬ 
ment  of  the  incoming  boundary  layer  into  the 
vortex  is  dependent  on  Moo,  ot  nnd  A.  For 
Moo  =  2.95,  the  height  of  the  computed  entrain¬ 
ment  surface  is  shown  in  Fig.  43  for  (a,A)  = 
(24®,  40°)  and  (24°,  60°)  at  Res^  =  axlO*^  and 
9x10®,  respectively.  The  ordinate  is  the  height 
of  the  entrainment  surface  measured  within  the 
undisturbed  boundary  layer,  and  the  abscissa 
is  the  spanwise  location.  Two  lines  are  shown 
for  each  case  representing  the  lower  and  upper 
estimates  of  the  height  of  the  entrainment  sur¬ 
face  [48].  For  the  (24°,  40°)  case,  the  height 
appears  to  asymptote  y/6oo  =  0.15,  while  for 
(24°,  60°)  the  height  continues  to  increase  in  an 
approximately  lineetr  manner.  However,  the  lim¬ 
ited  spanwise  extent  of  the  computations  does 
not  permit  a  definitive  statement  concerning  the 
asymptotic  behavior  at  large  spanwise  distances. 


A  computational  study  of  the  contributions  of 
inviscid  and  viscous  effects  to  the  evolution  of 
the  mean  kinetic  energy  was  performed  [54]  for 
Moo  =  2.95,  a  =  24°,  and  A  =  40°.  The  results 
suggest  that  the  flow  is  principally  rotational 
and  inviscid  throughout  the  boundary  layer  ex¬ 
cept  within  a  thin  layer  adjacent  to  the  surface 
and  in  an  isolated  region  near  the  comer. 

4.5  Crossing  Shock 


Figure  44:  Geometry  of  crossing  shock 

veloped.  The  two  wedges  generate  intersecting 
shock  waves  which  interact  with  the  boundary 
layer  on  the  flat  plate.  The  geometry  is  a  nat- 
urzd  extension  of  the  single  sharp  fin  (Fig.  1). 
The  flow  parameters  are  the  Mach  number  M^o , 
Reynolds  number  Re^^,  fin  angles  (01,02),  fin 
leading  edge  separation  ratio  WJSoo  and  wall 
temperature  ratio  T^ITaw 

The  computations  of  the  crossing  shock  are 
listed  in  Table  5,  ordered  by  the  magnitude  of 
the  inviscid  shock  pressure  ratio  pzipi,  where 
Pi  and  p3  are  the  static  pressure  upstream  and 
downstream  of  the  shock  intersection,  respec¬ 
tively.  All  computations  are  for  symmetric 
shocks  (oi  =  02). 
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Experiment 


Figure  45:  Surface  pressure  for  crossing  shock 
at  Mao  =  3.0, a  =  =  2.6x10®  for  ex¬ 

periment 


Table  5  Crossing  Shock  Computations 


Pa/Pi 

Mao 

a 

Model 

Type 

Ref 

1.7 

1.85 

5® 

B-L 

0 

[55] 

2.6 

3.5 

6® 

B-L 

0 

[561 

3.0 

4.0 

6® 

B-L 

0 

[56] 

3.4 

2.95 

9° 

B-L 

0 

[57,  58] 

4.2 

2.95 

11® 

B-L 

0 

[57,  59,  58] 

J-L 

2 

[59] 

4.6 

3.5 

10® 

B-L 

0 

[56] 

10.2 

4.0 

15® 

B-L 

0 

[60] 

19.2 

8.3 

10° 

B-L 

0 

[61] 

44.1 

8.3 

15® 

B-L 

0 

[62] 

Rodi 

2 

[62] 

Legend: 

Ps/Pi 

inviscid  pressure  ratio  across 
crossing  shocks 

Mao 

freestream  Mach  number 

a 

fin  angle 

Model 

turbulence  model 

B-L 

Baldwin-Lomax  model  [24] 

J-L 

Jones-Launder  model  [26] 

Rodi 

Rodi  model  [27] 

Type 

type  of  turbulence  model 
(0  =  Zero  Equation,  etc) 

There  is  general  agreement  between  the  com¬ 
puted  and  measured  surface  pressure  for  all  of 
the  turbulence  models  examined.  In  Figs.  45, 


Computation  (Boidwin-Lomox) 


Figure  46:  Surface  pressure  for  crossing  shock 
at  Moo  =  3.0,  a  =  11®,  =  2.6x10®  for 

BaldwLn-Lom&x  model 

46  and  47  results  are  shown  for  M^c  =  2.95, 
Q  =  11®,  W/Sao  =  39  for  experiment  and  com¬ 
putations  using  the  Baldwin-Lomax  and  Jones- 
Launder  models.  The  extent  of  upstream  in¬ 
fluence  is  moderately  underestimated  by  both 
turbulence  models,  and  the  computed  spanwise 
pressure  distribution  near  the  outflow  boundary 
(x  =  47^00 )  exhibits  differences  with  the  experi¬ 
ment. 

The  pressure  distributions  on  two  streamwise 
cuts  are  shown  in  Figs.  48  and  49  correspond¬ 
ing  to  the  centerline  (r  =  0)  and  off-centerline 
(z  =  3.81#oo)  locations,  respectively.  Differences 
of  typically  15%  between  the  Baldwin-Lomax 
and  Jones-Launder  computations  are  observed. 
The  computed  siuface  pressure  on  the  center- 
line  imderestimates  the  upstream  influence,  and 
overestimates  the  pressure  downstream  of  the 
approximate  plateau  region. 

In  Fig.  50,  results  are  displayed  for  Mao  =  8.3, 
a  =  15®,  W/Sao  =  4.7  for  the  Baldwin-Lomax 
and  Rodi  models  corresponding  to  the  geometry 
shown  in  Fig.  51.  Both  computations  show  close 
agreement®.  The  peak  presstire  is  predicted  by 
both  models  within  20%,  and  is  substantially 

’Except  for  x/Saa  >  9.  In  this  region,  the  difference 
may  be  attributable  to  the  absence  of  separation,  in  the 
computation  using  the  Rodi  model,  for  the  sidewall  (An) 
shock-boundary  layer  interaction.  This  interaction  in¬ 
volves  a  reflected  shock  which  emanates  from  the  inter¬ 
section  of  the  two  incident  shock  waves. 
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Figiue  50:  Surface  pressure  for  crossing  shock 
Figure  47:  Surface  pressure  for  crossing  shock  at  at  -  8  3,  a  =  15°,  Res^  -  1.7x10^ 

Afoo  =  3.0,  a  =  11°,7Z«4^  =  2.6x10®  for  Jones- 
Launder  model 
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Figure  48:  Surface  pressure  for  crossing  shock 
at  Afoo  =  3.0,  a  =  ll°,fi€«^  =  2.6x10® 
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Figure  49:  Surface  pressure  for  crossing  shock 
at  Moo  =  3.0,  a  =  11°,  Reg^  =  2.6x10®, 


Figure  51:  Geometry  for  crossing  shock  at  Mach 
8.3  and  location  of  measurements.  The  boun¬ 
dary  layer  thickness  6oo  =  3.25  cm. 


1 


Figure  52:  Surface  pressure  for  crossing  shock 
at  Af«,  =  8.3, a  =  lb°,Res^  =  1.7x10® 

below  the  theoretical  (inviscid)  value  due  the 
combined  effects  of  the  shock  wave-turbulent 
boundary  layer  interaction  and  the  expansion 
fan  originating  from  the  change  in  slope  of  the 
fin  surface.  In  Fig.  52,  computed  and  exper¬ 
imental  surface  pressure  are  shown  (bottom  to 
top)  at  x/6ao  =  5.6,  6.92  and  8.31  (see  Fig.  51 
for  the  relative  location  of  the  measurements). 
The  computed  profiles  agree  generally  with  the 
experiment. 

The  pitot  pressmre  is  predicted  with  reasonable 
accuracy  for  Moo  =  8.3,  a  =  15°,  WfSoo  = 
4.7  using  the  Baldwin-Lomax  and  Rodi  mod- 
eb.  Figs.  53  and  54  display  the  experimen¬ 
tal  and  computed  results  for  Pp/Pp«,  using  the 
Baldwin-Lomax  and  Rodi  modeb,  respectively, 
at  *  =  5.6#oc-  Figs.  55  and  56  show  the  corre¬ 
sponding  results  at  X  =  The  computa¬ 

tions  display  general  agreement  with  the  experi¬ 
ment.  The  formation  of  a  large  low  Pp  region  on 
the  centerl'ie  near  the  flat  plate  is  evident.  This 
structure  corresponds  to  a  low  total  pressure  jet 
comprising  two  coimter-rotating  vortices. 

The  yaw  angle  is  similarly  predicted  with  rea¬ 
sonable  accuracy  for  Moo  =  8.3,  a  =  15°,  WjSoo 
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Figure  53;  Pitot  pressure  for  crossing  shock  at 
Moo  =  8.3,0  =  15°,  =  1.7x10®,  x  = 

b.bSoc,  Baldwin-Lomax  model 
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Figure  54:  Pitot  pressure  for  crossing  shock  at 
Moo  =  8.3,0  =  15°,  =  1.7x10®,  x  = 

5.65ao.  Rodi  model 
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Figure  55:  Pitot  pressure  for  crossing  shock  at 
Moo  =  8.3,0  =  15°,Rc«»  =  1.7x10®,  x  = 
8.3^00  >  Baldwin-Lomax  model 
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Figure  58;  Heat  transfer  for  crossing  shock  at 
M«,  =  8.3,  a  =  15°,  Res^  =  1  7x10^ 


Figure  56:  Pitot  pressure  for  crossing  shock  at 
A/oo  =  8.3,  a  =  lh\Res^  =  1.7xl0^  x  = 
8. 3^00)  Rodi  model 
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Figure  57;  Yaw  angle  for  crossing  shock  at 
Moo  =  8.3,0  =  15°,Re«^  =  1.7x10®,  x  =  5.6#oo 
and  6.9^00 


=  4.7  using  the  Baldwin- Lomax  and  Rodi  mod¬ 
els.  In  Fig.  57,  results  are  shown  for  the 
Baldwin-Lomax  and  Rodi  models  at  =  5.6 
for  four  spanwise  locations  a)  to  d)  of  = 

-0.65,  -0.49,  -0.33  and  -0.16,  respectively,  and 
at  x/#oo  =  6-9  for  three  spanwise  locations  a) 
to  c)  of  r/Aoo  =  -0.48,  -0.32,  and  -0.15,  respec¬ 
tively.  The  computations  show  close  agreement 
with  each  other,  and  general  agreement  with  the 
experiment. 

The  predictions  of  surface  heat  transfer  show 
substantial  disagreement  with  experiment.  In 
Fig.  58  and  59,  results  are  shown  using  the 
Baldwin-Lomax  and  Rodi  models  for  M^,  = 
8.3,  ot  =  15°,  Wldgc,  =  4.7.  The  centerline 
results  display  general  agreement  with  experi¬ 
ment,  although  significantly  overestimating  the 
heat  transfer  in  the  initial  stages  of  the  inter¬ 
action  {xfSoo  =  3.5  to  5.0).  The  ofF-centerline 
predictions  are  substantially  in  error  (Fig.  59) 
and  overestimate  the  heat  transfer  up  to  85%. 

The  results  described  above  indicate  that  the 
computed  surface  pressure,  pitot  pressure  and 
yaw  angle  are  relatively  insensitive  to  the  spe¬ 
cific  turbtilence  model,  similar  to  the  observa¬ 
tions  for  the  sharp  fin.  In  contrast,  the  com¬ 
puted  surface  heat  transfer  is  affected  more  sig¬ 
nificantly  by  the  hoice  of  the  turbulence  model. 
A  deteiiled  comparison  of  the  computed  eddy 
viscosity  was  performed  for  Moo  =  8.3,  a  =  15°, 
W/S^  =  4.7.  An  example  is  shown  in  Fig.  60. 
The  computed  peak  values  of  the  eddy  viscosity 
differ  by  a  factor  of  seven,  while  at  the  same  lo¬ 
cation  the  pitot  pressure  and  yaw  angle  profiles 
are  in  reasonable  agreement  {e.g.,  the  yaw  angle 
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Figure  59:  Heat  transfer  for  crossing  shock  at 
Moo  =  8.3,  a  =  15°,  =  1.7x10^,  */#<»  = 

5.08,6.4  and  7.8 


Figure  60;  Eddy  viscosity  for  crossing  shock  at 
Moo  =  8.3,0  =  15°,Res^  =  1.7x10®,  x/6oo  = 
5.6,2/«oo  =  -0.65 

profiles  agree  within  8%  as  indicated  in  Fig.  57) 
except  within  a  thin  region  adjacent  to  the  sur¬ 
face  (t.e.,  within  approximately  the  lowest  10% 
of  the  boundary  layer). 

These  results  imply  that  the  flowfield  is  domi¬ 
nantly  rotational  and  inviscid,  except  within  a 
thin  region  adjacent  to  the  flat  plate.  This  result 
is  similar  to  the  observation  for  the  sharp  fin. 
Similar  implications  regarding  turbulence  mod¬ 
eling  follow.  Specifically,  the  turbulence  model 
has  a  significant  effect  on  the  computed  surface 
heat  transfer^®.  The  majority  of  the  flowfield  is 
rotational  and  inviscid,  to  a  first  approximation, 
and  hence  insensitive  to  the  turbulence  model 
employed. 

The  computed  and  experimental  results  can  be 
employed  to  develop  a  model  of  the  streamline 
and  wave  structure  of  the  crossing  shock  interac¬ 
tion.  The  computed  shock  structure  of  the  cros¬ 
sing  shock  interaction  at  Moo  =  8-3,  Q  =  15°, 
WjSoo  =  4.7  is  shown  in  Fig.  61.  Near  the  lead¬ 
ing  edge  of  the  fins,  the  flowfield  is  comprised 
of  two  single  fin  interactions  which  are  charac¬ 
terized  by  a  classic  A-shock  [1].  The  individ¬ 
ual  components  of  the  A-shock  are  the  inviscid 
shock  ’1  ’,  separation  shock  ’2  ’  and  rear  shock 
’J’(Fig.  61a).  The  separation  shocks  intersect, 
forming  a  reflected  shock  with  two  segments  ’4a' 
and  ’4b’  (Fig.  61b).  The  “bridging”  segment 

‘®It  18  anticipated  that  the  computed  surface  skin  fric¬ 
tion  would  also  be  sensitive  to  the  particular  turbu¬ 
lence  model  employed,  although  no  comparisons  have 
been  published  for  the  crossing  shock.  Measurements  of 
sldn  friction  have  recently  been  obtained  for  the  Mach  4, 
a  =  15°  crossing  shock  [63]  and  comparison  with  previ¬ 
ous  computations  [60]  is  in  progress. 


’4a'  rbes  with  increasing  downstream  distance. 
The  remaining  segment  ’^6'  moves  towards  the 
fins  and  interacts  with  the  rear  segment  ’3’  of 
the  original  A  shock,  forming  a  localized  high 
pressure  region  ’6’.  A  separate  cmved  shock  ’5’ 
forms  on  the  centerline  near  the  surface,  and  is 
associated  with  the  turning  of  the  flow  near  tne 
surface  edong  the  plane  of  symmetry  (Fig.  61c). 
Downstream  of  the  intersection  of  the  inviscid 
shocks  'i ',  an  expansion  region  forms  ’8  ’,  while 
the  separate  shock  '5 'remains  (Fig.  61d).  The 
reflected  shocks  '7'  move  towards  the  fins. 

A  shock  similar  structure  was  observed  experi¬ 
mentally  and  computationally  [60]  at  Mach  4. 
However,  the  experimental  visualization  indi¬ 
cated  a  continuation  of  the  reflected  shock  seg¬ 
ment  ’4b’  which  was  not  observed  in  the  com¬ 
putations.  The  discrepancy  may  be  associated 
with  insufficient  grid  resolution  within  the  tra¬ 
jectory  of  segment  ’4b’. 

The  computed  mean  streamline  structure  for 
the  crossing  shock  interaction  at  Moo  =  fi-3, 
a  =  15“,  WISoo  =  4.7  is  shown  in  Fig.  62.  The 
principal  feature  is  a  pair  of  counter-rotating 
vortices,  generated  by  the  individual  single  fin 
interactions,  which  intersect  at  the  plane  of  sym¬ 
metry  and  rise  above  the  surface. 

The  flowfield  structure  has  significant  implica¬ 
tions  for  the  use  of  the  crossing  shock  interaction 
as  a  supersonic  diffuser  (inlet).  Downstream 
of  the  crossing  shock  interaction,  the  counter¬ 
rotating  vortex  pair  forms  a  core  of  low  total 
pressure,  low  Mach  number  fluid  [57,  59,  61,  62). 
In  effect,  the  individual  vortices  generated  by 
the  single  fin  interactions  scavenge  the  low  en¬ 
ergy  fluid  (originating  near  the  siuface  in  the  in¬ 
coming  boundary  layer)  and  collide  at  the  sym¬ 
metry  plane,  forming  a  counter-rotating  vortex 
pair  with  a  low  total  pressure  core. 

5  Conclusions 

Considerable  progress  heis  been  achieved  in  the 
capability  for  prediction  of  3-D  shock  wave- 
turbulent  boimdary  layer  interactions.  Five  spe¬ 
cific  configurations  have  been  examined  -  sharp 
fin,  blunt  fin,  cyiinder/flare,  swept  compression 
comer  and  crossing  shock.  Numerical  simula¬ 
tions  of  these  configurations  have  been  com¬ 
pared  with  experimental  data  at  Mach  num¬ 


bers  from  two  to  eight.  With  some  risk  of  over 
generalization,  the  following  conclusions  may  be 
reached. 

•  The  pitot  pressure,  yaw  angle,  and  surface 
pressure  are  predictable  with  reasonable  ac¬ 
curacy  using  algebraic  or  two  equation  tur¬ 
bulence  models,  except  in  certain  cases  ex¬ 
hibiting  significant  shock  unsteadiness  ( e.p., 
cylinder/ flare).  This  success  is  attributable 
to  the  generally  asymptotic  “triple-deck” 
structure  of  3-D  turbulent  interactions.  In  a 
thin  layer  adjacent  to  solid  boundaries,  the 
flow  is  governed  by  both  viscous  (molecular 
and  turbulent)  and  inviscid  effects.  The  re¬ 
mainder  of  the  boundary  layer  is  effectively 
rotational  and  inviscid  to  a  first  approxi¬ 
mation,  thereby  explaining  the  relative  in¬ 
sensitivity  of  the  pitot  pressure,  yaw  angle 
and  surface  static  pressure  to  the  turbu¬ 
lence  model  employed 

•  The  mean  flowfield  structure  {i.e.,  mean 
streamlines  and  wave  structure)  is  therefore 
generally  predictable.  Some  details  of  the 
computations,  however,  may  not  necessar¬ 
ily  be  correct  (e.j.,  the  absence  of  a  contin¬ 
uation  of  the  reflected  shock  segment  ’4b' 
in  the  crossing  shock  interaction  at  Mach 
4).  Such  discrepancies  may  be  associated 
with  insufficient  grid  resolution  and/or  the 
turbulence  model  employed. 

•  The  surface  heat  transfer  is  not  accurately 
predicted  in  strong  3-D  shock  wave  turbu¬ 
lent  bormdary  layer  interactions  {e.g.,  cros¬ 
sing  shock).  Differences  as  large  as  85% 
have  been  noted.  Reasonable  agreement 
has  been  foimd,  however,  for  the  sharp  fin. 
Further  research  in  development  of  turbu¬ 
lence  models  and  additional  heat  transfer 
measurements  are  needed. 

•  Experimental  data  for  the  turbulence  struc¬ 
ture  are  rare  for  3-D  shock  wave  turbulent 
boimdary  layer  interactions.  Of  all  con¬ 
figurations  considered  in  the  present  pa¬ 
per,  there  has  been  a  comparison  of  com¬ 
puted  and  experimental  data  for  only  one 
case  (f.e.,  cylinder/flare),  and  the  predic¬ 
tions  were  uniformly  poor. 


6  Future  Work 

Substantial  additional  research  in  3-D  shock 
wave  turbulent  boundary  layer  interactions  is 
needed  to  achieve  greater  understanding  of  the 
fluid  physics  and  to  improve  the  accuracy  of 
numerical  simulations.  Among  these  needs  are 
improved  computational  methods,  collaborative 
experimental/computational  efforts  and  incor¬ 
poration  of  knowledge  of  flowfield  structiue  into 
more  effective  design. 

Computational  Methods 

The  complex  shock  structures  developing  from 
ostensibly  simple  geometries  (e.g.,  crossing 
shocks)  pose  difflculties  for  numerical  algorithms 
based  on  structured  grids.  Resolution  of  these 
shocks  requires  refinement  in  one  or  more  coor¬ 
dinate  directions,  thereby  increasing  the  density 
of  grid  points  both  within  the  region  of  high 
gradients  and  also  outside.  This  approach  be¬ 
comes  computationally  inefilcient  as  more  grid 
points  are  added  where  urmeeded.  Recent  ef¬ 
forts  in  the  development  of  algorithms  based  on 
unstructured  grids  hold  promise  for  improved 
resolution  in  regions  of  large  gradients  at  reason¬ 
able  computational  cost  (see,  for  example,  refs. 
[64,  65,  66,  67]). 

Collaborative 

Experimental/Computational  Efforts 
Unsteady  Interactions 

In  a  wide  range  of  aerospace  systems,  3-D  shock 
wave  turbulent  boundary  layer  interactions  are 
inherently  unsteady  on  the  spatial  and  temporal 
scales  of  the  mean  flow.  Examples  include  high 
speed  inlet  imstart  [68],  inlet  buzz  (Dailey-type) 
[69]  and  transonic  rotorcraft  [70].  The  knowl¬ 
edge  of  these  unsteady  turbulent  interactions  is 
minimal,  and  further  collaborative  experimen¬ 
tal  and  theoretical  (computational)  research  is 
needed. 

Turbulence  Models 

Improvement  in  turbulence  modeb  is  needed  to 
remedy  inadequacies  in  at  least  two  critical  ar¬ 
eas.  First,  surface  heat  transfer  is  poorly  pre¬ 
dicted  in  strong  3-D  shock  wave  turbulent  boim- 
dary  layer  interactions  (e.g.,  the  crossing  shock 
interaction  rising  the  algebraic  Baldwin-Lomax 
and  two-equation  Rodi  turbulence  modeb).  Sec¬ 
ond,  the  unsteady  flow  behavior  of  the  blimt 


fin  and  cylinder-flare  have  rot  been  accurate'y 
modeled  by  either  algebraic  or  two-equation  tur¬ 
bulence  modeb.  The  large  spatial  scale  and 
low  frequency  shock  oscillations  can,  in  prin¬ 
cipal,  be  represented  by  the  Reynolds-averaged 
equations.  However,  all  computatioiu  have  con¬ 
verged  to  steady  state  solutions. 

The  effort  in  turbulence  model  development 
needs  to  be  closely  coordinated  with  new  ex¬ 
periments.  Experience  has  shown  that  surface 
pressure,  pitot  pressure  and  yaw  angle  measure¬ 
ments  provide  a  relatively  weak  te-st  of  the  accu 
racy  of  turbulence  modeb  in  3-D  shock  wave  tur¬ 
bulent  boundary  layer  interactions.  The  prin¬ 
cipal  data  needed  for  evaluation  of  turbulence 
modeb  is  surface  heat  transfer,  surface  skin  fric¬ 
tion  and  Reynolds  stress  measurements. 

Non- Equilibrium  Upstream  Conditions 

Virtually  all  fundamental  experimental  data  on 
3-D  shock  wave-turbulent  boundary  layer  inter¬ 
actions  have  been  obtained  for  configurations 
with  incoming  equilibrium,  flat  plate  boundary 
layers.  This  provides  a  relatively  simple,  exper¬ 
imentally  reproducible  upstream  condition,  and 
isolates  the  3-D  tmbulent  interaction  from  out¬ 
side  effects.  This  approach  is  essential  for  under¬ 
standing  the  fundamental  behavior  of  a  specific 
3-D  turbulent  interaction.  Once  understood, 
the  next  step  is  to  consider  non-equilibrium  up¬ 
stream  boundary  layers  which  are  more  common 
in  practice. 

Specific  Configurations 

In  addition  to  the  generic  needs  described  above, 
many  additional  areas  of  research  can  be  iden¬ 
tified.  In  the  interests  of  brevity,  only  two  will 
mentioned  herein.  First,  the  understanding  of 
the  sharp  fin  interaction  in  the  presence  of  sur¬ 
face  bleed  is  critical  to  the  performance  of  many 
mixed  compression  inlet  designs.  The  available 
experimental  data  is  inadequate.  The  experi¬ 
mental  data  of  Barnhart  et  al  [71]  is  a  useful  first 
step;  however,  the  local  bleed  flow  rate  wm  not 
measured  and  consequently  the  local  boundary 
conditions  for  computation  are  not  known  accu¬ 
rately.  Computed  results  [55,  72]  suggest  that 
the  primary  vortex  is  not  significantly  affected 
by  surface  suction. 

Second,  there  is  little  experimental  data  for  the 
asymmetric  crossing  shock.  Experimental  flow- 
field  data  (e.g.,  pitot  pressure,  yaw  angle,  flow- 


field)  for  the  crossing  shock  interaction  has  been 
restricted  to  symmetric  configurations.  Surface 
mean  and  fluctuating  pressure  data  h2is  been 
obtained  for  three  asymmetric  configurations  at 
Mach  3  by  BogdonofF[73].  Further  experimental 
data  for  asymmetric  configurations  is  needed. 

Impact  on  Design 

It  is  been  shown  that  existing  computational 
methods  are  capable  of  predicting  the  mean  flow 
structure  {e.g.,  surface  pressure,  pitot  pressure, 
yaw  angle)  of  3-D  shock  wave  turbulent  boun¬ 
dary  layer  interactions  with  a  reasonable  level 
of  accuracy.  This  knowledge  can  be  incorpo¬ 
rated  into  the  design  process.  For  example,  the 
crossing  shock  interaction  is  characterized  by  a 
low  total  pressure  jet  comprising  two  counter¬ 
rotating  vortices.  The  low  momentum  fluid  near 
the  wall  in  the  incoming  boundary  layer  is  effec¬ 
tively  scavenged  by  the  two  vortices  formed  by 
the  single  fin  interactions  and  entrained  into  the 
jet.  Can  this  information  be  employed  to  design 
a  more  effective  scramjet  combustor  ? 
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A  Reynolds  Averaged 
Equations 


The  exact  Reynolds -averaged  Navier-Stokes 
equations  are, 
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The  mean  molecular  viscous  stress  can  be 
approximated 


2 . 5ufe . 


where  fi  =  p{T)-  By  similar  argument,  the  mean 
molecular  heat  flux  is 


5fe  =  - 


Cpp.  df 
Pr  dxk 


vfhere  Pt  is  the  molecular  Frandtl  number. 

The  triple  velocity  correlation  is 

small  compared  to  pkiik,  which  is  one  of  the 
terms  in  pixik,  and  can  therefore  be  neglected'^. 
Also,  the  velocity-molecular  shear  correlation 
ulxik  can  be  demonstrated  to  be  small'^. 

"The  analysis  is  based  on  the  experimental  data  of 
Owen  et  al  [74]  for  non-adiabatic  hypersonic  boundary 
layers 

*^Using  the  data  of  Owen  et  al  [74],  it  can  be  shown 
that  j(l/2)pv.'Jitj' <  0.1pi|ut{ 

*^The  analysis  is  based  on  the  experimental  data  of 
Ladermar.  smd  Demetriades  [75]  and  the  assumption  that 

the  rms  molecular  fluctuations  ^  are  no  larger  than 
the  mean  molecular  shear  stress  r,». 


The  Reynolds-averaged  Navier-Stokes  equations 
may  therefore  be  assumed,  under  practical  cir¬ 
cumstances,  to  be 
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B  Conical  Flow 

A  conical  flow  is  a  steady  flowfield  whose  ve¬ 
locity,  pressure  and  temperature  are  invariant 
with  radial  distance  from  a  common  vertex  [76]. 
Consider  the  spherical  polar  coordinate  system 
{R,d,4>)  shown  in  Fig.  63.  Thus, 

diik 
dR 
dp 

dR 
dR 

where  R  is  the  spherical  polar  radius 

R  -  \l{x-xof  -t-  {y-yof  -I-  {z-zof 

where  (zoil/o,  ^o)  is  the  Virtual  Conical  Oiigin. 
For  the  sharp  fin,  the  VCO  is  close  to  the  inter¬ 
section  of  the  fin  with  the  flat  plate.  The  veloc¬ 
ity,  pressure  and  temperature  are  functions  of 
the  spherical  polar  coordinates 

0  -  tan“*  ((x-zo)/ (*-*o)) 

<l>  -  tan~^  ({y-yo)/'J{x-Xof  +  (z-zo)^j 


=  0 
=  0 
=  0 


Figure  63:  Spherical  polar  coordinates 


Figs.  21-25  reprinted  with  permission  of 
the  Journal  of  Fluid  Mechanics. 
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ABSTRACT 

A  brief  review  is  given  of  the  unsteadiness  of  shock 
wave/ turbulent  boiuidary  layer  interaction.  The 
focus  is  on  interactions  generated  by  swept  and 
unswept  compression  ramps,  by  flares,  step)s  and 
incident  shock  waves,  by  cylinders  and  blunt  fins, 
and  by  glancing  shock  waves.  The  effects  of  Mach 
number,  Reynolds  number,  and  separated  flow 
scale  are  discussed  as  are  the  physical  causes  of 
the  unsteadiness.  The  implications  that  the  un¬ 
steadiness  has  for  interpreting  time-averaged  sur¬ 
face  and  flowfield  data,  and  for  comparisons  of 
such  experimental  data  with  computations,  is  also 
briefly  discussed.  Finally,  some  suggestions  for  fu¬ 
ture  work  are  given.  It  is  clear  that  there  are  large 
gaps  in  the  data  base  and  that  many  aspects  of 
such  phenomena  are  poorly  understood.  Much 
work  remains  to  be  done. 

1  INTRODUCTION 

1.1  Engineering  Implications  of  Flowfield 
Unsteadiness 

Airbreathing  transatmospheric  vehicles  will  be 
exposed  to  severe  aeroacoustic  loads  generated 
by  the  unsteady  flowfields  associated  with  air- 
breathing  engines,  by  separated  turbulent  flows, 
and  by  engine-generated  acoustic  loads  (Pozef- 
sky  et  al.,  1989;  Zonunski,  1987;  Holden,  1986). 
Whereas  conventional  hypersonic  configurations 
such  as  ballistic  missiles  are  essentially  axisym- 
metric  shells  which  are  efficient  structures,  several 
proposed  hypersonic  vehicles  are  much  larger  and 
substantial  areas  will  consist  of  flat  panels.  Flat 
panels  are  generally  inefficient  in  reacting  pressure 
loads,  and  the  low  resonant  frequencies  associated 
with  their  reduced  stiffness  may  fall  within  the 
frequency  r^ge  of  unsteady  shock-induced  aeroa¬ 
coustic  loads. 

The  ascent  phase,  during  w>’'oh  ^he  engines 
will  be  running  continuously  and  the  vehicle  will 
be  exposed  to  high  dynamic  pressures,  is  critical. 


At  orbital  cruise  altitude,  the  engines  will  be  off 
and  the  flow  will  probably  be  laminar.  Similarly 
during  descent,  engines  are  off,  dynamic  pressures 
will  be  lower  reducing  the  windside  loading,  and 
only  low  levels  of  laminar  heating  are  expected 
on  the  leeside.  Predictions  indicate  that  regions 
subjected  only  to  the  loading  generated  by  at¬ 
tached  turbulent  boundary  layers  will  be  rela¬ 
tively  fatigue-free  and  have  long  structural  life¬ 
times  (Pozefsky,  et  al.,  1989).  In  contrast,  re¬ 
gions  subjected  to  shock  wave  boundary  layer  in 
teraction  wiU  experience  the  most  intense  loading 
up  to  185  dB  or  more,  and  the  time  to  failure 
of  conventional  structures  is  estimated  to  be  or¬ 
ders  of  magnitude  lower.  Some  examples  of  where 
shock/shock  and  shock  boundary  layer  interac¬ 
tions  can  occur  on  a  generic  hypersonic  vehicle 
are  shown  in  Fig.  1 .  Engineering  methods  to  pre¬ 
dict  loading  levels  and  their  frequency  spectra  are 
clearly  needed,  as  are  methods  to  reduce  loading 
levels  and  alter  their  frequency  spectra. 


Fife.  1.  Possible  shock/shciV  and  shock 
wave/boundary  layer  interactions  on  a  hyper¬ 
sonic  vehicle  (from  Jackson  et  al.,  1987). 
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1.2  Implications  of  Unsteadiness  for 
Flowfleld  Computation 

It  is  generally  accepted  that  the  key  element 
in  CFD  validation  is  comparison  with  experi¬ 
ment.  However,  drawing  meaningful  conclusions 
from  such  comptulsons  is  not  a  trivial  exercise. 
The  problem  is  that  the  bulk  of  the  experimen¬ 
tal  data  base  consists  of  time-averaged  measure¬ 
ments  which  provides  no  information  about  flow- 
field  steadiness  or  the  lack  of  it.  A  discussion, 
with  some  examples  of  the  problem,  is  given  in 
Sec.  6. 

1.3  Focus 

The  objective  of  this  paper  is  to  review  briefly  the 
salient  features  of  the  unsteadiness  general^  by 
supersonic  and  hypersonic  shock  wave/turbulent 
boundary  layer  interaction.  On  account  of  their 
practical  importance,  the  emphasis  is  on  the  fluc¬ 
tuating  loads  generated  by  such  flows,  the  phys¬ 
ical  causes  of  the  unsteadiness,  and  the  impli¬ 
cations  for  CFD.  There  is  no  discussion  of  the 
fluctuating  loads  generated  by  turbulent  boimd- 
ary  layers.  The  latter  has  received  considerable 
attention  in  the  past,  and  the  reader  is  referred 
to  Laganelli  et  al.  (1976,  1983),  Dolling  and  Dus- 
sauge  (1989)  and  Pozefsky  et  al.  ( 1989)  for  details. 
Dolling  and  Dussauge  discuss  the  measuring  tech¬ 
niques  and  their  problems,  the  data  and  their  de¬ 
ficiencies,  while  Laganelli  et  al.  and  Pozefsky  et 
al.  focus  on  engineering  correlations  for  rms  pres¬ 
sure  levels  and  power  spectral  density.  Extensive 
bibliographies  are  given  in  all  three  references. 

The  work  cited  in  this  paper  is  largely  exper¬ 
imental.  To  the  author’s  knowledge,  no  unsteady 
computations  of  shock-induced  turbulent  sepa¬ 
ration  and  reattachment  have  been  made  from 
which  fluctuating  load  levels  and  spectra  can  be 
extracted.  Further,  the  majority  of  the  work  is  in 
the  supersonic  region  (Moo  <  5)-  Holden  (1991) 
reported  plans  to  obtain  fluctuating  wall  pressures 
in  interactions  at  Mach  numbers  between  8  and 
16  but,  to  the  author’s  knowledge,  results  are  not 
yet  published. 

Loading  levels  in  this  paper  are  expressed 
both  in  terms  of  the  rms  of  the  pressure  fluctua¬ 
tions  <rp,  (in  either  absolute  or  normalized  form) 
or  in  terms  of  sound  pressure  level  (SPL)  where 
SPL  =  20  logio  (<Tp/0.00002)  dB.  The  reference 
pressure  in  the  denominator,  20p  Nm~^,  is  the 
acute  threshold  of  hearing.  Since  cq?  in  a  given 
experiment  depends  on  the  freestream  static  pres¬ 
sure,  Poo,  meaningful  values  of  SPL  for  design 
purposes  can  only  be  generated  if  ap  is  referenced 
to  the  design  Poo.  Similarly,  meaningful  com¬ 
parisons  of  SPL  from  different  experiments  can 


only  be  obtained  if  ap  is  scaled  using  a  common 
value  of  Poo.  The  value  of  Poo  at  50,000  feel  alti¬ 
tude,  namely  1.69  psia  (1.165  x  10^  Nm”^)  is  used 
throughout  this  paper. 

Interest  in  shock  wave/boundary  layer  inter¬ 
actions  has  been  sustained  for  more  than  forty 
years,  largely  because  of  their  importance  in  such 
a  wide  variety  of  internal  and  external  aerother- 
modynamics  problems.  There  have  consequently 
been  many  studies  of  such  phenomena,  with  com¬ 
putation  playing  an  increasingly  important  role 
since  the  mid  1970s.  An  excellent  review  of  much 
of  the  early  work  was  compiled  by  Green  (1970). 
More  recent  reviews,  focusing  mainly  on  work 
of  the  past  ten  years  in  swept  interactions  have 
been  written  by  Settles  and  Dolling  (1990,  1992). 
Hamed  and  Shang  (1989)  present  a  survey  ana 
assessment  of  the  data  base  of  shock  wave  bound¬ 
ary  layer  interactions  relevant  to  supersonic  in¬ 
lets.  A  survey  of  recent  developments  in  2-D 
shock  wave  boundary  layer  interactions  and  their 
control  is  given  by  Viswanath  (1988).  Recommen¬ 
dations  for  hypersonic  building-block  experiments 
for  CFD  validation  have  recently  been  presented 
by  Marvin  (1992),  and  some  remarks  on  the  im¬ 
plications  that  flowfleld  unsteadiness  has  with  re¬ 
spect  to  CFD  are  discussed  by  Dolling  (1992). 
Most  recently,  data  bases  of  hypersonic  experi¬ 
ments  have  been  compiled  by  Settles  and  Dodson 
(1991)  and  by  Holden  and  Moselle  (1992).  How¬ 
ever,  neither  contain  any  details  about  flow  un¬ 
steadiness. 

Fluctuating  surface  and  flow  field  data  are  far 
less  common,  particularly  prior  to  1980.  Digi¬ 
tal  data  acquisition  systems  capable  of  sampling 
at  MHz  rates  and  of  acquiring  millions  of  highly 
resolved  data  points  now  render  such  measure¬ 
ments  much  easier.  Even  so,  fluctuating  wall  pres¬ 
sure  measurements  have  not  been  made  in  such 
a  wide  variety  of  flows  as  have  mean  measure¬ 
ments,  nor  over  such  a  broad  range  of  flow  condi¬ 
tions.  Most  of  the  data  are  from  interactions  gen¬ 
erated  by  unswept  or  swept  compression  ramps, 
forward  facing  steps,  flares,  sharp  and  blunt  fins, 
cylinders,  and  by  impinging  shocks.  Discussion  of 
what  has  been  learned  from  these  experiments  is 
the  focus  of  this  review. 

Only  flows  which  are  naturally  unsteady  are 
included.  Forced  unsteadiness,  induced  by  oscil¬ 
lating  boundaries  or  from  time-varying  upstream 
or  downstream  boundary  conditions,  is  largely  ex¬ 
cluded.  The  rich  field  of  self-sustaining  coherent 
oscillations  of  impinging  shear  layers  is  excluded, 
as  is  the  sub-class  of  unstable  shock  patterns  as¬ 
sociated  with  shock  oscillations  induct  by  spiked 
blunt  bodies.  Reviews  of  these  fields  are  given  by 


Rockwell  (1983)  and  Calarese  and  Ilankcy  (1985), 
respectively.  iNirther,  since  the  emphasis  is  on 
supersonic  and  hypersonic  flows,  forced  and  self- 
excited  oscillations  in  transonic  diffuser  flows  are 
also  excluded. 

2  DISCUSSION 

The  discussion  is  split  into  several  parts.  Fbr 
organizational  reasons  more  than  physical  ones, 
2-D  and  3-D  flows  are  largely  discussed  in  sep¬ 
arate  sections.  However,  since  they  do  have  a 
great  deal  in  common,  they  are  discussed  together 
where  appropriate.  Before  focusing  on  turbulent 
flows,  some  brief  remarks  are  made  concerning  the 
steadiness  of  laminar  flows. 

2.1  Shock-Induced  Laminar  Separation 
It  cannot  be  said  with  absolute  certainty  that 
shock-induced  laminar  separated  flows  are  always 
steady.  Nevertheless,  the  preponderance  of  evi¬ 
dence  suggests  that  laminar  separation  induced 
by  ramps,  steps,  and  glancing  and  incident  shocks 
is  steady.  In  most  experimental  studies,  it  was  im¬ 
plicitly  assiuned  that  the  flow  was  steady,  and  the 
question  was  never  addressed  directly.  However, 
there  have  been  some  checks.  In  the  early  studies 
of  Chapman  et  al.  (1958)  it  was  reported  that 
“high  speed  motion  pictures  (taken  at  Moo  =  2.3 
with  2000  to  6000  frames  per  sec.)  indicate  the 
pure  laminar  separation  over  a  step  to  be  steady.” 
In  contrast,  in  the  transitional  case  (i.e.,  transi¬ 
tion  occurs  relatively  far  downstream  of  separa¬ 
tion  and  relatively  close  to  reattachment)  Chap¬ 
man  et  al.  report  that  “high  speed  motion  pictures 
indicated  the  flow  to  be  unsteady  in  the  region  be¬ 
tween  transition  and  reattachment  on  the  step.” 
They  also  noted  that,  as  the  Reynolds  number 
increased  and  transition  moved  closer  to  separa¬ 
tion,  “the  angle  of  separation  appeared  unsteady 
in  the  motion  pictures  as  did  the  flow  downstream 
of  transition.” 

Degrez  and  Ginoux  (1983,  1984)  examined 
the  laminar  interaction  generated  by  a  sharp  fin 
at  angle  of  attack  at  Moo  =  2.2.  A  Kulite 
pressure  transducer  was  installed  flush  with  the 
test  surface  downstream  of  the  fin  trailing  edge. 
Degrez  and  Ginoux  state  that  “for  the  high¬ 
est  Reynolds  number,  fluctuating  pressures  were 
recorded,  clearly  indicating  transition.  Other 
transducer  signals  were  steady.”  Although  this  is 
not  direct  proof  of  the  steadiness  of  the  upstream 
flowfield,  it  is  unlikely  that  a  transducer  under  the 
outgoing  boundary  layer  would  generate  a  steady 
output  if  the  upstream  interaction  was  unsteady. 

In  addition,  circumstantial  evidence  supports 
the  view  that  laminar  interactions  are  steady.  For 


Fig.  2.  Typical  shadow  photograph  of  a  sepa¬ 
rated  laminar  interaction  generated  by  an  inci¬ 
dent  shock  at  Mach  2.2  (from  Burgio,  1970). 

example,  Kaufman  and  Johnson  (1974)  report 
results  from  a  study  of  incident  shock  interac¬ 
tions  with  a  Mach  8  laminar  boundary  layer. 
Schlieren  photographs  of  the  interaction  are  com¬ 
posites  from  two  different  tunnel  runs.  One  pho¬ 
tograph  includes  the  leading  edges  of  the  plate 
and  shock  generator,  their  shock  waves,  and  the 
separating  plate  boundary  layer;  the  other  shows 
the  downstream  flowfield.  The  waves  on  each 
photograph  are  straight  and  intersect  where  the 
two  photographs  overlap,  attesting  to  a  steady 
flow.  Indeed,  shadow  photographs  of  laminar  in¬ 
teractions  are  typically  characterized  by  smoothly 
varying  white  lines  (indicative  of  the  boundary 
layer  edge)  and  straight  shocks  at  reattiichment 
and  separation  (Fig.  2).  If  the  separated  bubble 
was  undergoing  either  periodic  pulsations  or  ran¬ 
dom  variations,  rippled  shocks  and  wavy  bound¬ 
ary  layer  edges  might  be  expected. 

The  only  experimental  evidence  of  unsteadi¬ 
ness  of  a  supersonic  laminar  separation  known 
to  the  author  is  the  work  of  Ozcan  and  Holt 
(1984).  LDV  measurements  were  made  on  the 
plane  of  symmetry  upstream  of  a  circular  cylin¬ 
der  at  Moo  =  2.36.  It  was  reported  that  sepa¬ 
ration  occurred  about  6.8  diameters  upstream  of 
the  cylinder  “where  it  was  difficult  to  make  re¬ 
peatable  velocity  measurements  due  to  the  un¬ 
steadiness  of  the  flow.”  At  the  interface  between 
the  boundary  layer  edge  and  reversed  flow,  the 
variation  in  velocity  was  “between  80  and  440 
m/s”  for  a  data  point  with  an  average  velocity 
of  292  m/s.  Whether  the  separated  shear  layer 
or  root  vortex  was  transitioned  which  fed  distur- 
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bances  upstream  inducing  motion  of  the  separa¬ 
tion  point,  or  whether  the  unsteadiness  was  due 
to  a  natural  instability,  is  not  clear.  The  flow- 
field  generated  by  a  cylinder  in  a  laminar  bound¬ 
ary  layer  is  a  complex  one,  with  both  steady  and 
unsteady  regimes  depending  on  Reynolds  num¬ 
ber.  Recent  numerical  work  by  Visbal  (1991;1,2) 
discusses  many  of  these  issues  and  presents  sim¬ 
ulations  of  both  steady  and  unsteady  flows.  The 
reader  is  referred  to  these  references  for  details. 

2.2  Shock-Induced  TVirbulent  Separation 
— 2-D  Flows 

A  useful  departure  point  is  the  separated  in¬ 
teraction  generated  by  an  unswept  compression 
ramp.  Although  such  flows  exhibit  an  increas¬ 
ing  degree  of  three-dimensionality  near  the  wall 
as  the  bubble  grows  (variations  in  wall  shear  pro¬ 
duce  the  classic  node-saddlepoint  pattern  seen 
in  flow  visualization),  the  time-averaged  flow- 
field  is  essentially  2-D.  Detailed  measurements 
by  Nordyke  (1987),  Marshall  (1989),  and  Mar¬ 
shall  and  Dolling  (1990,  1992)  show  that  such 
pronounced  three-dimensionality  in  the  wall  shear 
stress  field  has  no  significant  effects  on  the  fluc¬ 
tuating  wall  pressures  near  separation;  there  is 
no  evidence  of  any  cyclic  spanwise  variations  in 
rms  levels.  Thus  this  flowfield  not  only  serves 
as  a  useful  example  for  bringing  out  the  salient 
features  of  the  unsteadiness  of  shock-induced  tur¬ 
bulent  separated  flows,  but  also  serves  as  a  useful 
reference  against  which  to  compare  results  from 
three-dimensional  flows. 

In  separated  compression  ramp  flows  (or  its 
axisymmetric  or  3-D  analog,  the  flare),  the  sepa¬ 
rated  flow  undergoes  a  large-scale,  low-frequency 
motion,  which  can  best  be  described  as  an  expan¬ 
sion/contraction  or  breathing  motion  (Kussoy  et 
al.,  1987;  Gramann,  1989;  Gramann  and  Dolling, 
1990,1).  In  this  context,  low  frequency  means  low 
relative  to  the  characteristic  frequency,  Uoo/bo  of 
the  incoming  turbulent  boundary  layer.  Typically 
the  expansion/contraction  process  occurs  at  fre¬ 
quencies  of  a  few  hundred  Hz  to  several  kHz,  even 
in  flows  in  which  Uoo/bo  is  order  tens  of  kHz  or 
higher.  More  is  said  about  this  in  Sec.  2.2.4. 

“Breathing”  of  the  bubble  results  in  large  vari¬ 
ations  in  flowfield  scale.  Kussoy  et  al.  made  wall 
pressure  fluctuation  measurements  under  the  un¬ 
steady  separation  shock  simultaneously  with  high 
speed  shadow  movies  and  LDV  measurements. 
The  model  consisted  of  a  tilted  30-deg.  half-angle 
cone  attached  to  a  circular  cylinder.  Tests  were 
made  in  a  Mach  2.85  flow.  Mean  streamlines  were 
deduced  from  the  LDV  data  for  the  overall  time- 
averaged  case  and  for  separation  shock-forward 


Fig.  3.  Ensemble-averaged  wall  pressure  cor¬ 
responding  to  furthest  upstream  and  furthest 
downstream  locations  in  a  Mach  5,  28-dog. 
compression  ramp  interaction  (from  Gramann, 
1989). 

and  shock-back  positions.  Results  on  the  plane  of 
symmetry  for  the  cone  tilted  5  deg.  showed  that 
the  separated  bubble  “expanded  and  contracted 
like  a  balloon.”  Prom  data  presented  in  Fig.  6 
of  Kussoy  et  al.,  Gramann  and  Dolling  estimated 
that  the  variation  in  bubble  length  was  from  1.5 
to  2.46o-  In  fact,  because  of  the  algorithm  used 
by  Kvissoy  el  al.  to  determine  the  shock-back  and 
shock-forward  cases,  the  variation  in  bubble-size 
is  probably  underestimated  (see  Gramann  and 
Dolling,  1990,1  for  details). 

Gramann  (1989)  and  Gramann  and  Dolling 
(1990,1)  made  wall  pressure  fluctuation  measure¬ 
ments  in  a  28-deg.  ramp  interaction  at  Mach  5. 
Using  a  conditional  cross-correlation  technique, 
it  was  shown  that  the  instantaneous  separation 
point  occurred  at  the  separation  shock  foot  and 
the  bubble  size  ranged  from  about  1.7^o  to  3.66o. 
In  a  flowfield  whose  tinie-averaged  slreamwise 
length  is  only  about  56o,  this  is  clearly  a  signifi¬ 
cant  variation  in  scale.  Gramann  (1989)  also  mea¬ 
sured  wall  pressures  throughout  a  Mach  5  com¬ 
pression  ramp  interaction  when  the  separation 
shock  was  at  its  furthest  upstream  position  (in- 
termittency,  7,  less  than  about  0.03)  and  furthest 
downstream  position  (7  about  0.96-1.00).  The  in- 
termittency  is  simply  the  fraction  of  time  the  sep¬ 
aration  shock  spends  upstream  of  a  given  station. 
Ensemble-averaged  wall  pressures  (F'ig.  3)  show 
quite  clearly  the  expansion/contraction  process. 
The  solid  line  is  the  mean  wall  pressure  measured 
using  conventional  means  (i.e.,  wall  pressure  taps) 
or  by  averaging  the  imsteady  signals,  whereas 
the  dashed  lines  correspond  to  the  extremes  of 


the  separation  shock  motion.  Erengil  (1989)  and 
Erengil  k  Dolling  (1989,  1991,2)  have  used  a  sim¬ 
ilar  technique  to  look  in  detail  at  the  flow  struc¬ 
ture  upstream  of  the  ramp  comer.  Some  further 
remarks,  focusing  on  implications  for  CFD,  are 
given  in  Sec.  6. 

Figure  4  shows  mean  and  nns  wall  pressure 
distributions  at  Moo  =  3  and  5  measured  by  Mur¬ 
phy  (1983)  and  Gramann  (1989),  respectively. 


*he  bubble.  Wall  pressure  signals  show  that  th(' 
upstream  maximum  is  generated  by  the  imsteady 
separation  sh(x;k  fool.  The  mo\  ing  slux-k  gener¬ 
ates  an  intennilteni  wall  pressure  signal 
whose  level  fluctuates  Ix'lwcen  the  range  eiiarac- 
teristic  of  the  undisturbed  boundary  layer  (time 
fi  in  Fig.  5)  and  that  of  the  disturlnxl  flow  down¬ 
stream  of  the  shock  (time  (2)-  Kistler  ('964)  was 
probably  the  first  to  observe  this  behavior  in  his 


Fig.  4.  Comparison  of  surface  properties  in  Mach  6,  28-dcg.  and  Mach  3,  24-deg.  com¬ 
pression  ramp  interactions  a)  mean  wall  pressures,  b)  rms  normalized  by  local  mean 
wall  pressure  (from  Gramann  &  Dolling,  1990). 


Both  interactions  have  about  the  same  scale  sep¬ 
arated  flow.  Note,  in  the  mean  pressure  distri¬ 
butions,  that  the  Mach  5  data  are  shifted  1  unit 
of  {Pw/Poo)  vertically.  The  rms  distributions  are 
show^normalized  by  the  local  mean  wall  pres¬ 
sure,  P«,,  and  “S”  and  “R"  denote  separation  and 
reattachment,  respectively,  as  indicated  by  the 
kerosene-lampblack  surface  tracer  method.  The 
reason  why  a  well-defined  separation  line  is  ob¬ 
tained  under  an  expanding/contracting  bubble, 
and  where  it  occurs  in  the  intermittent  region, 
are  discussed  in  the  Appendix.  In  the  rms  distri¬ 
butions,  there  are  two  local  maxima,  one  just  up¬ 
stream  of  “5”  and  the  other  in  the  vicinity  of  “R.” 
Both  are  caused  by  the  expansion/contraction  of 


studies  of  fluctuating  wall  pressures  in  forward¬ 
facing  step  flows  at  Moo  =  3  and  4.5.  This 
characteristic  intermittent  signal  has  since  been 
measured  in  interactions  generated  by  unswept 
and  swept  compression  ramps,  blunt  fins,  circu¬ 
lar  cylinders,  sharp  fins  at  angle  of  attack,  and 
by  incident  shock  waves.  Similarly  shaped  dis¬ 
tributions  of  crp  near  separation  have  also  been 
reported  in  studies  in  which  the  pressure  signal 
was  not  shown  or  discussed  explicitly,  and  include 
circular  cylinders  at  transonic  speed  and  axisym- 
metric  flares  and  steps  over  a  wide  range  of  flow 
conditions.  Intermittent  wall  pressure  signals  and 
a  rapid  rise  in  ap  upstream  of  “5”  appear  to  be 
universal  features  of  supersonic  and  hypersonic 
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Fig.  5.  Internnittcnt  wall  pressure  signal  up- 
itream  of  separation  “S”  and  conversion  to 
boxcar  representation  (from  McClure,  1892). 


shock-induced  turbulent  separation.  Indeed,  they 
also  occur  in  transonic  diffusers  and  on  transonic 
airfoils.  Downstream  of  separation,  the  rms  levels 
depend  on  the  type  and  scale  of  the  separated 
flow  and  are  dep  endent  on  shock  wave  generator 
geometry.  More  will  be  said  about  that  later. 

As  seen  in  Fig.  3,  the  streamwise  wall  pres¬ 
sure  near  reattachment  is  a  function  of  separation 
shock  position.  At  a  fixed  point  on  the  ramp  face, 
the  instantaneous  pressure  therefore  undergoes 
large  variations  as  the  bubble  expands  and  con¬ 
tracts  and  the  instantaneous  reattachment  point 
moves  up  and  down  the  ramp  face.  It  is  this 
phenomenon,  combined  with  turbulence  amplifi¬ 
cation,  which  is  responsible  for  the  large  fluctuat¬ 
ing  loads  near  reattachment.  In  the  Mach  5  ramp 
flow,  the  maximum  SPL  in  the  vici^’ity  of  reat 
tachment  is  of  order  170  dB. 

The  intermittency  7,  which  was  mentioned 
earlier,  is  a  very  useful  parameter  and  is  simply 
the  fraction  of  time  that  the  flow  at  a  point  is 
upstream  of  the  separation  shock  wave.  Thus  7 
varies  from  0  to  1.  Its  magnitude  can  be  calcu¬ 
lated  by  first  converting  the  pressure  signal  (Fig. 
5a)  into  a  boxcar  function  (Fig.  5b)  and  then  cal¬ 
culating  the  fraction  of  the  signal  with  level  T’. 
The  conversion  to  the  boxcar  signal  is  based  on 
the  amplitude  of  the  raw  signal  relative  to  some 
pre-established  thresholds.  A  complete  descrip¬ 
tion  of  the  conversion  process,  the  logic  behind 
it,  the  precautions  necessary,  and  the  sensitiv¬ 


ity  of  the  results  to  the  llueshold  settings  can  be 
found  in  Dolling  et  al.  (1990).  Experimental  re¬ 
sults  show  that  distributions  of  7  arc  good  fils  to 
the  error  function  [Erengil  and  Dolling  (1991, l)j 

Distributions  of  7  can  be  us<>d  to  estimate  the 
length  scale  of  the  separation  shock  motion,  L.s 
In  compression  ramp  flows  and  on  centerline  in 
blunt  fin  interactions,  Ls  spans  the  region  from 
the  upstream  influence  line,  Xo,  which  is  usually 
where  T^ur  first  rises,  to  “S.”  In  a  given  boundary 
layer,  it  can  vary  from  a  fraction  of  to  several 
So-  Dp  to  this  point  there  is  no  evidence  that  /..s 
correlates  simply  with  any  incoming  flow  {laram- 
eler.  The  effects  of  interaction  sweepback  on  /-$ 
are  discussed  later. 

An  important  point  relevant  to  flow  physics 
and  numerical  modeling  concerns  the  mechanism 
of  upstream  influence.  'I’he  gradual  increas<?  in 
mean  wall  pressure  downstream  of  A'o,  si'cn  in 
Fig.  4a,  is  not  the  result  of  upstream  propaga¬ 
tion  of  disturbancas  in  a  nominally  steady  flow, 
but  is  a  direct  result  of  shoc'k  motion.  Upstream 
influence  varies  continuously  vvith  the  maximum 
and  minimum  values  corresponding  to  the  fur¬ 
thest  upstream  and  downstream  liKations  of  the 
shock  wave.  Conventionally,  upstream  influence 
is  measured  from  Xo  to  the  downstream  reference 
position  and  has  a  fixed  value.  Pressure  signals 
show  that  the  conventionally  defined  Xo  is  sim¬ 
ply  the  furtliest  upstream  station  at  which  an  in¬ 
crement  in  is  detectable  using  convenliona] 
instrumentation.  Actually,  at  Xo,  7  is  already 
about  0.03  0.05,  and  >,he  skewness  and  flatness 
coefficients  of  the  pressure  signals  alrearly  have 
very  large  values.  In  this  sense,  this  length  scale 
is  somewhat  arbitrary  and  is  probably  not  a  good 
test  of  a  numerical  method. 

Having  described  briefly  some  of  the  results 
in  compression  ramp  flows,  pertinent  questions  at 
this  point  with  respect  to  the  flowfield  unsteadi¬ 
ness  include: 

(i)  How  are  rms  levels  near  separation  influ¬ 
enced  by  Mach  number,  Reynolds  num¬ 
ber,  boundary  layer  properties,  separated 
flow  scale,  wall  temperature  condiMou,  shock 
generator  geometry,  interaction  sweepback, 
etc.? 

(ii)  What  arc  the  frequencies  and  streamwise 
length  scales  of  the  separation  shock  motion, 
and  how  do  they  depend  on  incoming  flow 
properties  and  shock  generator  geometry? 

(iii)  What  is  the  physical  cause  of  the  separa¬ 
tion  shock  wave  unsteadiness,  and  can  it  be 
controlled  (or  at  least  influenced  favorably) 
through  active  or  passive  means? 


(iv)  What  are  the  rms  levels  under  the  separated 
flow  and  near  reattachment,  and  how  are 
they  influenced  by  shock  generator  geome¬ 
try  and  incoming  flow  conditions?  What  is 
the  frequency  content  of  the  fluctuations  in 
these  regions,  and  on  what  does  it  depend? 

(v)  How  rapidly  does  the  loading  and  spectral 
content  of  the  outgoing  boundary  layer  re¬ 
cover  to  the  values  characteristic  of  a  zero 
pressure  gradient  How  at  the  new  down¬ 
stream  conditions? 

The  remainder  of  this  paper  is  largely  an  at¬ 
tempt  to  address  these  issues.  It  should  be  em¬ 
phasized  that  there  are  few  satisfactory  answers 
to  any  of  these  questions.  Answers  require  de¬ 
tailed  parametric  studies  which  have  not  been 
performed.  Nevertheless,  examinatiork  of  the  work 
of  the  late  1960s  and  early  1970s  combined  with 
the  work  of  the  mid  1980s  to  the  present  docs 
provide  partial  answers  to  some  of  the  questions 
raised.  Moreover,  it  indicates  very  ciearly  whore 
the  knowledge  base  is  inadequate  and  where  fu¬ 
ture  efforts  should  be  directed. 


attempted  as{  jss  the  validity  of  this  expression 
by  calculating  the  ratio  of  ‘he  measurtxl  (ep)max 
to  {AP)s  in  a  variety  of  flews  including  those  irk- 
duced  by  swept  and  utkswept  ramps,  swept  aikd 
mkswept  blunt  fins,  and  sharp  fins  at  angle  of  at¬ 
tack.  In  each  case,  {AP)s  was  taken  as  the  dif¬ 
ference  between  the  iikcaik  pressure  close  to  the 
downstream  boundary  of  the  intermiltetkt  region 
(i.e.,  7  =  0.95)  and  the  undisturbed  boundary 
layer  pressure.  Results  are  shown  in  Fig.  6.  Al¬ 
though  the  data  are  plotted  versus  iiklerfu  tion 
sweepback  aikglo,  this  is  for  (  invenience  aikd  is  ikot 
meant  to  imply  that  {ap)„,^/(AP)s,  is  a  function 
of  sweepbark.  In  fact,  as  indicate<l  by  Kq.  (2), 
(<rp)m«x/(AF*)a  should  be  aconstaikt.  The  exper¬ 
imental  results  show  some  scatter,  but  the  bulk 
of  the  data  fall  within  the  range  of  about  O.'l  to 
0.6.  In  fact,  for  the  blunt  fins,  the  averaj^e  value  is 
0.49,  with  a  standard  deviation  of  0.04.  i'he  sharp 
fin  and  swept  ramp  averages  and  standard  devi¬ 
ations  arc  smaller  and  larger,  respectively,  than 
the  blunt  firk  results.  Overall,  the  average  is  0.46, 
and  the  standard  deviation  is  0.085. 


2.2.1  RMS  Levels  Near  Separation 
Consider  the  intermittent  pressure  signal  shown 
in  Fig.  5.  A  relatively  simple  expression  for  the 
overall  variance  of  the  signal,  a^p,  in  terms  of  the 
contributions  of  the  upstreant  and  downstream 
pressure  fields  is  given  by  Debi^ive  and  LaCharmc 
(1986): 


=  (1-7)  7^+7 7?^  +  (l-7)7(n 


(AHI 


where  {AP)s  is  the  pressure  rise  across  the  sepa¬ 
ration  shock,  and  subscripts  u  and  d  refer  to  the 
wall  pressure  fields  upstream  and  dowikstrearn  of 
the  shock,  respectively.  The  only  inherent  as¬ 
sumption  is  that  the  upstream  and  downstreant 
fields  are  statistically  homogeneous.  If  apu  and 
apd  are  small  compared  to  {AP)s,  which,  based 
on  o.perimental  evidence  (Fig.  5),  is  a  reasonable 
approximation,  then  the  expression  can  be  sim- 


According  to  thks  expression,  the  maximum 
rms,  ((7p)max,  occurs  at  7  =  0.5  (i.e.,  the  mid¬ 
point  of  the  intermittent  region)  and  has  a  value 
of  0.5  {AP)s-  Although  this  is  obviously  a  very 
simple  fomkulation,  its  u.se  as  a  prediction  tool  is 
limited  since  {AP)s  is  usually  not  known  a  pri¬ 


ori.  Of  greater  concern  is  whether  such  a  simpli¬ 
fied  exp’^ession  actually  provides  an  accurate  pre¬ 
diction  of  (<Tp)max-  Gonsalez  and  Dolling  (1993) 


n  in  70  70  *0  oo 


Fig.  6.  Variation  of  (o'|7),nax/(  AP)s  for  different 
interactions  (from  Gonsalez  &  Dolling,  1993). 

f3earing  in  mind  the  difficulties  both  in  locat¬ 
ing  and  mea-suring  (<rp)max  as  well  as  estimating 
(AP)s,  particularly  in  highly  swept  flows  where 
{AP)s  was  small,  these  results  provide  reasonable 
support  for  Eq.  (2)  As  a  first  cut,  Eq.  (2)  could 
provide  an  approximate  estimate  of  the  separa¬ 
tion  shock  wave  loading  level.  If  the  mean  wall 
pressme  and  surface  flow  visualization  were  avail¬ 
able  for  a  given  flow,  then  (AP)s  could  be  taken 
as  the  mean  value  at  separation  minus  the  undis¬ 
turbed  boundary  layer  pressure.  However,  as  dis¬ 
cussed  later,  whereas  “5”  is  at  the  downstream 
boimdary  of  the  intermittent  region  in  unswept 
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flows,  'ves  upstream  within  the  intermittent 
region  with  increasing  sweepback;  so  it  is  likely 
that  (AP)s  would  be  underestimated  in  highly 
swept  flows.  Alternatively,  (AP5)  could  be  ob¬ 
tained  from  computation,  although  this  could  lead 
to  some  uncertainty  in  the  estimate  of  (jp)m*x, 
since  the  agreement  between  measurement  and 
simulation  is  very  much  a  function  of  the  flowficld 
under  study,  as  well  as  the  turbulence  model,  etc. 

2.2.2  Effects  of  Mach  and  Reynolds  Number  on 
RMS  Pressure  Levels  and  Intermittent  Heating 
Near  Separation 

Since  the  flow  turning  angle  at  separation  is  typ¬ 
ically  of  order  5-10  deg.,  irrespective  of  ramp  an¬ 
gle,  the  separation  shock  strength  increases  with 
increasing  Mach  nuinber.  Thus  it  irnght  be  ex¬ 
pected  that,  although  (up)max  would  be  approxi¬ 
mately  constant  in  terms  of  (A/’)s,  the  absolut 
value  of  (<T.r>)mf.x  would  be  an  increasing  fraction 
of  Poo  with  increasing  Mach  number.  The  Mach  3 
and  5  flows  of  Fig.  4  appear  to  confirm  this;  the 
values  of  (<Tp)max/Poo  are  0.25  and  0.52,  respec¬ 
tively.  In  terms  of  Poo,  loading  levels  arc  every¬ 
where  higher  at  Mach  5,  particularly  on  the  ra.i.p 
face.  Table  1  g'ves  values  of  rp/Poo  at  four  dif¬ 
ferent  locations  in  the  interaction. 


Mach  3 

Mach  5 

Max.  near  “5” 

0.25  (163) 

0.52  (170) 

At  Comer 

0.14  (158) 

0.43  (168) 

At  “fl” 

0.23  (162) 

0.95  (175) 

Max.  on  Ramp 

0.26  (’63) 

1.60  (180) 

Thble  1.  Loading  levels,  <rp/P^,  at  selected 
locations  in  compression  ramp  flows. 

The  values  in  parentheses  following  each  value  of 
f^vIPoo  are  the  corresponding  I'alues  of  SFL  in  dB. 
It  can  be  seen  that  very  high  loading  levels  occur 
on  the  ramp  face. 

Similar  effects  of  Mach  number  are  also  seen 
in  blunt  fin  and  cylinder  flows.  Table  2  lists  mea 
sured  values  of  ap/Poo  near  “5”  and  at  the  fin 
root  at  Mach  numbers  of  3,  4  and  5  The  data 
are  from  Dolling  and  Bogdonoff  (1981),  Aso  et 
al.  (1991),  and  Brusniak  (1991),  respectively.  At 
the  fin  root,  the  peak  loading  is  very  difficult  to 
resolve  accurately,  due  to  steep  gradients.  Never¬ 
theless,  there  is  evidence  of  a  large  increase  with 
Mach  number.  Again,  the  values  in  parenthe¬ 
ses  are  dB,  scaled  to  50,000  feet.  No  values  of 
SPL  can  be  computed  at  Mach  4,  since  values  of 
freestream  static  pressure  were  not  provided.  The 
most  Intense  loads  are  produced  at  the  root  and 
exceed  180  dB. 


Location 

Mav.i  No. 

op/Pca 

3 

0.23  (160) 

Near  “5” 

4 

0.52  (  ) 

5 

0.50  (170) 

3 

0.60  (170) 

Fin  Root 

4 

3.07 ;  ) 

5 

2.60  (18-1) 

'rhble  2.  Loading  levels,  trp/P^,  at  solectotl 
locations  in  blunt  fln/cylinder  hows. 

Since  separation  shock  sliongth  i.s  largely  con¬ 
trolled  by  Mach  number,  then  i'.  inigiit  be  an¬ 
ticipated  that,  in  a  given  flow  type,  (cr"\.,ax/P» 
would  only  he  a  weak  function  of  Reynolds  num¬ 
ber.  Tins  appears  to  be  confinned  by  experiment. 
Figure  7  shows  the  24-deg.  compression  ramp  al 
two  values  ol  Rcf  at  Mach  3;  the  two  nns  max¬ 
ima  near  separation  differ  by  only  a  few  percent. 


Fig.  7.  Effect  of  Refi  on  a-pfP^  in  a  Mach  3,  24- 
dcg.  compression  ramp  interaction  (from  Mur¬ 
phy,  1983). 

In  terms  of  ap/ Poo  near  separation,  the  increase 
in  Res  resulted  in  an  increase  from  0.24  to  0.25. 
Experiments  by  Dolling  and  Bogdonoff  (1981)  in 
which  wall  pressure  signals  wore  measured  up¬ 
stream  of  blunt  fins  also  show  a  similar  weak  vari¬ 
ation.  A  sixfold  increase  in  Res  with  a  fued  di- 
amete-  fin  resulted  in  a  decrease  in  {crp/ Pw)max 
near  separation  of  about  25  percent.  However,  in 
this  case,  part  of  this  change  ca’^  be  attributed 
to  the  varying  ratio  of  D/6  since,  even  at  a  fixed 
Res,  {crp/ Pw)imx  is  a  function  of  D.  For  exam 


pie,  increasing  D  from  1.27  to  2.54  cm  at  fixed 
Rtf  increased  {<fp/T^w)m»x  from  0.18  to  0.23.  For 
large  D/6,  as  explained  in  Sec.  3.3,  (<Tp/Poo)majc 
should  reach  a  constant  value. 

Hayashi  et  al.  (1989)  measured  fluctuating 
heat  transfer  in  an  incident  shock/turbulent 
boundary  layer  interaction  at  Mach  4.  Measure¬ 
ments  of  the  mean  (in  terms  of  Stanton  number) 
and  fluctuating  heat  transfer  are  shown  in  Fig.  8. 
Similar  to  the  wall  pressure,  the  heating  rate  is 
also  intermittent  with  a  large  maximum  near  sep¬ 
aration.  In  this  experiment,  the  maximum  value 
of  (yQw/Qw  is  about  0.22.  The  only  other  fluctuat¬ 
ing  heat  transfer  data  known  to  the  author  is  that 
of  Shifen  and  Qingquan  (1992)  in  interactions  in¬ 
duced  by  circular  cylinders  at  Mach  numbers  of  5 
and  7.8.  The  maximum  value  of  aqw/Qw  near  sep¬ 
aration  was  about  0.5,  twice  the  vdue  at  Mach  4, 
suggesting  that  this  ratio  may  also  increase  with 
Mach  number. 
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Fig.  8.  Moan  and  fluctuating  heat  transfer  in 
an  incident  shock  interaction  at  Mach  4  (from 
Hayashi  et  al.,  1989). 

Shifen  and  Qingquan  (1990)  also  made  mea¬ 
surements  of  heat  transfer  fluctuations  upstream 
of  a  step  at  Mach  7.8.  Both  wall  pressure  and 
heat  transfer  were  intermittent,  with  frequencies 
in  the  range  of  1-3  kHz.  The  standard  deviation 
of  the  heat  transfer  rate  increased  rapidly  in  the 


intermittent  region  reaching  a  maximum  where 
the  mean  had  increased  by  a  factor  of  about  two. 
The  maximum  was  about  10  times  the  standard 
deviation  in  the  incoming  flow. 

2.2.3  Effects  of  Separated  Flow  Scale  on  RMS 
Pressure  Levels  Near  Separation 

Experiments  by  Dolling  and  Or  (1985)  at  Mach  3 
showed  that  (<Tp)n»x/Poo  increased  with  increas¬ 
ing  scale  of  the  separated  flow.  As  the  com¬ 
pression  ramp  angle  was  increased  from  16  deg. 
(incipient  separation)  to  24  deg.  (separated  bul> 
ble  with  a  streamwise  scale,  L^ep,  of  about  26o), 
(<rp)max/Poo  increased  from  about  0.11  to  0.20. 
These  observations  are  consistent  with  the  results 
of  Coe  et  al.  (1973)  using  a  variable  height,  45  dog. 
compression  corner  at  Mach  2.  Although  (<7p),nax 
was  not  well  resolved,  it  is  clear  that  it  increased 
with  increasing  separated  flow  scale. 

In  the  ramp  experiment  of  Dolling  and  Or, 
the  separated  bubble  size  increased  because  the 
ramp  angle  was  increased,  and  hence  the  over¬ 
all  inviscid  pressure  rise  incrcascrl.  The  question 
of  how  the  fluctuating  load  level  near  separation 
depends  on  overall  inviscid  pressure  rise  is  not  en¬ 
tirely  clear.  Experiments  at  Mach  5,  using  a  com¬ 
pression  ramp  and  circular  cylinder  for  which  the 
inviscid  pressure  ratios  were  about  1 1 .5  and  29,  re¬ 
spectively,  have  exactly  the  same  maximum  load¬ 
ing  levels  at  separation.  Other  experiments  using 
blunt  fins  (see  Gonsalez  and  Dolling,  1993)  result 
in  the  same  levels  of  loading  at  a  given  spanwi.se 
station  for  fin  angles  of  attack  of  zero  and  ten  de¬ 
grees.  On  the  other  hand,  in  glancing  shock  inter¬ 
actions,  maximum  loading  at  separation  increases 
by  about  75  percent,  as  the  inviscid  pressure  ra¬ 
tio  is  increased  from  5  to  almost  12,  whereas,  in 
swept  ramp  flows,  the  loading  increases  by  100 
percent  as  the  inviscid  pressure  ratio  is  increased 
from  about  11  to  12  (^hmisseur,  1992).  There 
is  no  consistent  pattern  from  one  conflgiuation 
to  another,  suggesting  that,  in  general,  inviscid 
pressure  ratio  is  not  the  appropriate  parameter 
for  correlating  maximum  loading  near  separation. 
As  seen  earlier,  (ap)max  actually  correlates  with 
(AP)s. 

Recent  work  at  Mach  5  (Erengil  1991,3,  Mc¬ 
Clure  1992)  suggests  that  the  actual  behavior  of 
(<rp)max)  may  be  asymptotic,  once  Lgcp  increases 
beyond  some  large  value,  (crp)max  remains  fixed. 
First,  in  experiments  using  a  28-deg.  compression 
ramp  at  Mach  5,  it  was  observed  that  if  distur¬ 
bances  such  as  a  shear  layer  manipulator  or  a 
fishing  line  (see  F’ig.  9)  were  introduced  into  the 
flowfield,  the  separated  flow  length  scale  increased 
substantially.  Rms  distributions  (Fig.  9a)  show 


shear  layer 


F'g.  9.  Effects  of  separated  flow  length  scale  in 
a  Mach  5,  28-deg.  compression  ramp  interac¬ 
tion  on  a)  rms  pressure  levels,  b)  intermittency 
distributions. 

that  (<Tp)max  increases  only  very  slightly  as  L^ep 
doubles.  Intermittency  distributions  (Fig.  9b) 
show  that  the  region  of  shock  motion  shifts  pro- 
grrasively  upstream,  but  the  shock  motion  length 
scale  is  essentially  unchanged.  Second,  the  results 
of  McClure  and  Dolling  (1992)  using  a  boundary- 
layer  manipulator  (BLM),  shown  opposite,  are 
also  consistent  with  the  idea  that  decreasing  sep¬ 
arated  flow  scale  results  in  a  decrease  in  load¬ 


ing  level  for  a  constant  overall  inviscid  pressure 
rise.  Rms  distributions  for  the  baseline  flow  and 
with  two  BLM’s  (with  15-deg.  and  35-deg.  lead¬ 
ing  edges)  are  shown  in  Fig.  10.  Fluw  conditions 
and  baseline  geometry  are  the  sante  as  for  Fig.  9. 
However,  in  studies  of  the  effects  of  suction  using 
the  same  ramp  model,  also  at  Mach  5,  McClure 
and  Dolling  (1991)  found  contradictory  results. 
Suction  was  applied  through  a  6.8  mm  slot  span¬ 
ning  most  of  the  ramp  face  and  located  at  the 
m**an  rcattachment  location.  With  slot-alone  (no 
suction),  separation  shifted  about  l6o  upstream 
compared  to  the  baseline  case,  and  (<7p)max  in¬ 
creased  about  15  percent.  With  suction,  separa¬ 
tion  moved  downstream,  as  expected,  but  in  this 
case  (op)  max  did  not  decrease  but  was  10-12  per¬ 
cent  above  the  baseline  value. 


Figme  1 1  sums  up  the  results  from  all  of  these 
studies.  The  value  of  Poo  is  the  same  in  all  cases, 
and  the  abscissa.  A'',  is  the  location  of  crpmax  up¬ 
stream  of  the  corner  (normalized  by  6i,  the  in¬ 
coming  boundary  layer  mass  flux  thickness)  and 
reflects  the  scale  of  the  separated  flow.  If  the  suc¬ 
tion  study  results  are  ignored,  the  general  trend 
is  that  (op)max  increases  rapidly  initially,  but  be¬ 
yond  X'  «  15j  reaches  an  almost  constant  value. 
The  reasons  for  the  discrepancy  are  presently  not 
clear. 

2.2.4  Separation  Shock  Frequency 
None  of  the  optical  or  other  studies  provide  any 
evidence  that  the  shock  motion  is  periodic.  High 
speed  schlieren  cinematography  by  Degrez  (1981) 
in  blunt  fin  flows  at  Mach  3  has  shown  that  the 
probability  density  distributions  of  the  shock  foot 
position  are  Caussian.  Shock  foot  histories  de¬ 
duced  from  multi-channel  simultaneously  sampled 
wall  pressure  signals  in  both  swept  and  unswept 
compression  ramp  interactions  also  have  a  Gaus¬ 
sian  distribution  (Erengil  &  Dolling,  1992).  Nor¬ 
malized  power  spectra  presented  by  Dolling  and 
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Fig.  10.  Effects  of  boundary  layer  manipulators 
(BLM)  on  a)  rms  wall  pressure,  b)  intermit- 
tency  in  a  Mach  5,  28-deg.  compression  ramp 
interaction  (from  McClure  &  Dolling,  1992). 

Brusniak  (1989)  for  a  variety  of  flow  types  are  all 
broadband,  with  a  large  fraction  of  the  energy  at 
relatively  low  frequencies,  as  mentioned  earlier. 
An  example  from  Erengil  and  Dolling  (1991,1)  in 
Fig.  12  shows  power  spectra  in  the  undisturbed 
boundary  layer  and  imder  the  translating  shock  in 
a  28  deg.,  Mach  5  compression  ramp  interaction. 
The  ratio  l/oolSo  for  this  flow  is  about  50  kHz.  At 
x/6  =  —2.22  and  —1.55,  the  intermittency  is  low 
and  the  spectnun  is  bimodal,  reflecting  the  con¬ 
tributions  from  both  the  shock-induced  fluctua¬ 


tions  (about  0.2-2  kHz)  and  the  undisturbed  and 
separated  boundary  layer.  Within  the  intermit¬ 
tent  region,  the  power  spectrum  retains  the  same 
shape  with  a  large  fraction  of  the  energy  below 
2  kHz.  in  the  separated  flow',  the  increased  con¬ 
tribution  from  high  frequencies  is  again  evident. 
This  general  trend  is  typical  of  all  the  spectral 
results  given  in  the  literature. 
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Fig.  11.  Variation  of  (<rp),„ax  with  separated 
flow  length  in  a  Mach  5  compression  ramp  flow. 

In  cylinder  or  hemicylindrically  blunted  fin 
interactions,  shock  frequencies  increase  with  de¬ 
creasing  leading  edge  diameter  and  decrease  with 
increasing  incoming  boundary  layer  tliickness 
(Smith,  1987).  This  result  and  some  comments  on 
appropriate  correlating  parameters  for  the  power 
spectrum  are  discussed  further  in  Sec.  3.3.  With 
compression  ramps,  Dolling  and  Or  (1985)  noted 
that  the  shock  frequencies  decrease  as  the  ramp 
angle  and  extent  of  separation  increase.  In  the 
light  of  more  recent  studies  showing  how  (<Tp)max 
increases  with  increasing  scale  of  separation,  it  is 
probable  that  the  power  spectrum  also  behaves 
asymptotically. 

Robertson  (1971)  correlated  intermittent  re¬ 
gion  power  spectra  from  a  Mach  2,  45'deg.  com¬ 
pression  ramp  experiment  and  from  upstream  of 
circular  cylinders  at  M  =  1.4  and  1.6  in  the  form 
GUWoo/Qx^o  versus  Jbo/Uoo-  G{f)  is  the  power 
spectral  density  in  units  of  (pressure)^/Hz,  and 
/  is  the  frequency  in  Hz.  The  results  of  Dolling 
and  Or  (1985)  compared  poorly  with  this  corre¬ 
lation,  particularly  for  fSo/Uool  <0.1,  the  domi¬ 
nant  range  of  shock  motion.  Robertson  also  scaled 
spectra  using  the  separated  flow  length,  Lgep,  in¬ 
stead  of  So  and  obtained  a  marginally  superior 
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correlation.  Use  of  L^p  to  correlate  the  spectra 
of  Dolling  and  Or  resisted  in  increased  scatter 
Compared  to  So-  If  relatively  simple  parameters 
describing  the  model  geometry  and  incoming  flow 
are  to  be  used  for  correlations,  it  is  probable  that 
different  parameters  wiU  be  required  in  different 
interactions.  In  3-D  interactions,  the  problem  is 
particularly  complex.  For  example,  in  blunt-fin 
induced  flows,  the  shock  frequencies  increase  with 
increasing  spanwise  distance  (i.e.,  increasing  flow- 
field  sweep)  such  that  power  spectra  cannot  be 
collapsed  using  simple  parameters  such  as  D  or 
So,  but  will  require  parameters  which  reflect  the 
local  flowfield  properties.  Further  comments  on 
this  subject  are  given  in  Sec.  3.3.  Appropriate 
parameters  for  collapsing  spectra  is  an  area  im¬ 
portant  in  practical  applications  and  one  requir¬ 
ing  substantially  more  work. 
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Fig.  12.  Power  spectra  in  the  intermittent  re¬ 
gion  of  a  Mach  5  compression  ramp  interaction. 

To  isolate  the  shock  component  of  the  pres¬ 
sure  signal,  several  authors  have  employed  condi¬ 
tional  sampling  algorithms  (Dolling  and  Murphy 
(1983),  Andreopoulos  and  Muck  (1987),  Narlo 


(1986),  Dolling  and  Smith  (10S9),  Dolling  et  al. 
(1992)).  Their  conunon  feature  is  the  conversion 
of  the  pressure  signal  into  a  boxcar  of  amplitude 
unity  and  varying  frequency.  The  time  7]  be¬ 
tween  consecutive  passages  of  the  shock  over  the 
transducer  can  be  determined  and  statistics  per¬ 
formed  to  obtain  the  probability  distribution  of 
7]  and  the  mean  value  Tm(=  where 

N  is  the  number  of  periods.  It  should  be  noted 
the  l/7m  is  the  shock  zero-crossing  frequency,  fc, 
not  the  mean  shock  frequency,  fc  is  simply  the 
number  of  crossings  per  second  of  the  transducer 
by  the  shock  wave,  whereas  the  mean  shock  fre¬ 
quency  is  where  fi  =  l/7\.  Since  the 

pressure  signal  is  of  a  turbulent  flow,  precautions 
must  be  taken  to  ensure  that  high-frequency  tur¬ 
bulent  fluctuations  are  not  inadvertently  counted 
as  shock  waves.  This  problem  and  others  are  dis¬ 
cussed  by  Dolling  (1990).  The  utility  of  fc  is  that 
shock  motion  can  be  characterized  by  a  single  fre¬ 
quency  and  rapid  comparisons  can  be  made  be¬ 
tween  flows.  Caution  is  required,  however,  since 
fc  is  sensitive  to  threshold  settings  and  thus  com¬ 
parisons  should  only  be  made  between  results  ob¬ 
tained  using  the  same  algorithm  and  threshold 
settings.  Also,  the  shock  motion  is  broadband, 
and  characterization  by  a  single  value  can  be  mis- 
leaui  ^ 

The  zero-crossing  frequency  distribution  up¬ 
stream  of  a  28-deg.  compression  ramp  at  Mach  5 
is  shown  in  Fig.  13.  Recall  that  the  power  spec¬ 
tra  were  shown  earlier  in  Fig.  12.  The  intermit- 
tency  distribution  is  also  shown.  The  solid  lines 
pass  through  the  average  values  at  each  station. 
The  dashed  line  is  the  error  function  fit  to  the 
intermittency  data.  The  good  fit  shows  that  sep¬ 
aration  shock  crossings  are  distributed  in  Gaus¬ 
sian  fashion  within  the  intermittent  region.  Thus 
the  probability  of  finding  a  shock  passage  is  at  a 
maximum  near  7  =  0.5,  and  it  decreases  to  zero 
upstream  of  UI  and  downstream  of  “5.”  This 
result  is  also  seen  in  the  zero-crossing  frequency 
distribution  that  has  a  maximum  value  of  about 
1.0  kHz  at  7  w  0.5. 

2.2.5  Separated  Flow  Region 
At  “S,”  or  just  downstream  of  it,  the  highly 
skewed  pressure  signals  of  the  intermittent  region 
are  again  essentially  Gaussian.  If  the  separation 
length  is  large  enough,  both  ap  and  Pw  reach 
constant  plateau  levels  (Chyu  and  Hanly  (1969), 
and  Coe  et  al.  (1973)).  Compared  to  the  undis¬ 
turbed  flow,  ap  is  significantly  higher.  The  mea¬ 
surements  of  Coe  et  al.  upstream  of  a  forward¬ 
facing  step  at  5  Mach  numbers  ranging  from  1.7 
to  3.5  show  only  a  weak  effect  of  Moo  on  the  ratio 
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(jpNoo-  The  latter  varied  from  about  0.03  to  0.04 
with  “a  slight  increase  in  intensiv,y  with  increas¬ 
ing  Mach  number.”  At  Mach  5  in  an  unswept 
compression  ramp  interaction,  Gramarm  (1989) 
obtained  a  value  of  about  0.02  for  ap/qcx>-  The 
same  value  was  measured  by  Murphy  at  Mach  3 
in  a  24-deg.  compression  ramp  flow.  However, 
in  both  cases  the  separation  was  relatively  small 
(ss  2-36o)  and  the  flow  was  still  undergoing  com¬ 
pression. 


Fig.  13.  Zero-crossing  frequency  and  intermit- 
tency  distributions  in  a  Mach  5  compression 
ramp  Row. 

Coe  et  al.  (1973)  tried  several  combinations 
of  length  and  velocity  for  the  reduced  frequency 
parameter  and  for  the  abscissa  of  the  power  spec- 
-  trum.  These  included  6o/Uoo>  6/Uoo,  S*/Uoo, 
L^/U,  (/.»  .  -Xs)/U,  and  {Ss-Xs)/U,  where 
6*,  and  U  are  local  values,  Xs  is  the  distance  up¬ 
stream  of  the  comer,  and  Ss  is  the  length  of  sep¬ 
aration  measured  upstream  of  the  corner.  No  sin¬ 
gle  reduced  frequency  or  spectral  density  param¬ 
eter  was  more  effective  over  the  full  range  of  fre¬ 
quencies  and  for  the  different  models  tested  (ax- 
isynunetric  flares  and  forward  facing  steps,  and 
2-D  forward  facing  steps).  The  best  parameters 
were  f  S/U  and  f{Ss  -  Xs)-  Generally,  U  is  not 
known;  but  this  is  not  critical,  since  the  use  of 
U  or  Uoo  produces  only  minor  changes.  The  same 
applies  to  the  use  of  q  or  goo  in  the  power  axis  scal¬ 
ing.  Overall,  a  reasonably  good  correlation  was 
obtained  by  plotting  G{f)U/q^S  versus  fS/U. 
However,  the  data  used  were  all  at  Moo  =  2. 

Dolling  and  Or  (1985)  scaled  their  Mach  3 
compression  ramp  data  the  same  way,  but  using 
Uoo  and  So  rather  than  local  values.  The  spec¬ 


tra  fell  below  the  data  band  of  Coe  et  al.,  al¬ 
though,  as  the  separated  flow  length  increased, 
the  Mach  3  data  came  progressively  closer  to  the 
band.  Whether  these  are  universal  parameters  is 
not  clear,  and  more  work  is  needed  to  clarify  the 
issue. 

2.2.6  Outgoing  Boundary  Layer 

There  are  few  data  in  the  outgoing  bmmdary 
layer,  largely  due  to  tunnel  constraints.  Compres¬ 
sion  ramp  models  must  be  long  enough  to  avoid 
trailing  ^ge  effects  on  reattachment  but  short 
enough  to  avoid  tunnel  blockage.  In  compression 
ramp  flows,  ap  continues  to  increase  downstream 
of  reattachmeiit,  although  apjPvi  (Fig-  4)  reaches 
a  maximum  close  to  reattachment.  The  slow  read¬ 
justment  of  the  boundary  layer  is  evident  from  the 
rms  distributions  and  from  the  evolution  of  the 
skewness  coefficient  of  the  wall  pressure  fluctua¬ 
tions  (Fig.  14).  At  both  Mach  3  and  5,  the  skew¬ 
ness  passes  through  zero  about  36o  downstream 
of  the  corner  and  appears  to  level  off  at  a  value  of 
about  -0.2. 


Fig.  14.  Skewness  coefficient  distributions  in 
Mach  5  and  Mach  3  compression  ramp  inter¬ 
actions  (from  Gramann,  1989). 


The  effects  of  expansion/contraction  of  the 
separated  flow  are  felt  far  downstream  on  the 
ramp  face.  The  low-frequency  flapping  motion 
of  the  outgoing  boundary  layer  is  quite  evident 
in  conditionally  sampled  pitot  surveys  made  by 
McClure  &  Dolling  (1991).  By  simultaneous  ac¬ 
quisition  of  fluctuating  wall  pressures  under  the 
msteady  separation  shock  and  fluctuating  pitot 
pressures  above  the  ramp  face,  McClure  &  Dolling 
generated  frozen  pitot  pressure  profiles.  This  was 
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Fig.  15.  Mean  and  conditionally  sampled  pitot  pressure  surveys  in  the  outgoing  bound¬ 
ary  layer  of  a  Mach  5,  28-deg.  compression  ramp  interaction  (from  McClure  &  Dolling, 
1991). 


done  by  averaging  pitot  pressures  only  when  the 
separation  shock  was  located  between  two  pre¬ 
selected  pressure  transducers  (i.e.,  shock  brack¬ 
eted  in  a  narrow  range  of  intermittencies).  Re¬ 
sults  for  high  and  low  intermittency  ranges  are 
shown  in  Fig.  15,  together  with  the  conventionally 
measured,  time-averaged  pitot  survey.  Data  are 
shown  at  four  streamwise  stations  on  the  ramp. 
As  the  separation  shock  moves  downstream  (to  a 
location  of  higher  intermittency),  the  downstream 
extent  of  the  interaction  shrinks,  and  vice-versa. 

The  low-ftequency  flapping  is  also  evident  in 
power  spectra  measured  by  Gramann  and  Dolling 
(1990,2)  under  the  outgoing  boundary  layer  in 
a  Mach  5  compression  ramp  interaction.  Al¬ 
though  they  are  qualitatively  similar  to  spectra  of 
an  undisturbed  boundary  layer,  there  is  a  much 
larger  contribution  to  the  variance  from  low  fre¬ 
quencies  (those  in  the  raigt  o'  the  separation 
shock  motion)  than  in  an  undisturbed  boundary 
layer.  Coherence  function  measurements  between 
streamwise  separated  transducers  on  the  ramp 
face  show  high  coherence  in  the  broadband  of  fre¬ 
quencies  characteristic  of  shock  motion.  With  in¬ 
creasing  distance  downstream,  the  coherence  at 
higher  frequencies  increases  as  the  outgoing  flow 
becomes  more  like  an  attached  turbulent  bound¬ 
ary  layer.  Gramann  also  shows  cross-correlations 
between  wall  pressure  signals  under  the  translat¬ 
ing  separation  shock  wave  and  on  the  ramp  sur¬ 
face.  As  seen  in  the  conditionally  san  -.i  will 
pressure  distribution  of  Fig.  3,  as  the  shock  moves 
forward  (i.e.,  rising  pressure  on  upstream  chan¬ 
nel),  pressures  on  the  ramp  fall,  and  vice  versa;  so 


the  maximum  cross-correlation  coefficient  is  neg¬ 
ative.  As  would  be  expected,  the  effect  of  the 
shock  motion  decreases  with  increasing  distance 
downstream. 

Gramann  also  examined  the  relative  contri¬ 
butions  to  the  overall  rms  from  the  low-frequency 
pressure  fluctuations  (due  to  flapping  of  the  out¬ 
going  boundary  layer)  and  high  frequency  fluctua¬ 
tions  (due  to  turbulence).  In  Fig.  16,  the  solid  line 
shows  the  rms  pressure  calculated  the  usual  way 
(i.e.,  based  on  100  records  of  1024  data  points  with 
a  single  mean  value).  The  dotted  line  employs  the 
same  100  data  records,  but  is  calculated  using  16- 
point  data  records,  each  with  its  own  mean.  The 
effect  of  using  16-point  records  is  to  filter  out  the 
lower  frequency  component  of  the  signal.  All  of 
the  rms  values  of  the  16-point  records  were  then 
averaged  to  give  the  dott^  line.  Thus,  the  differ¬ 
ence  between  the  solid  and  dashed  lines  provides 
a  measure  of  the  influence  of  the  separation  shock 
motion  on  the  overall  rms.  Even  with  the  contri¬ 
bution  from  the  low-frequency  flapping  removed, 
the  rms  values  are  quite  large,  showing  that  pres¬ 
sure  fluctuations  due  to  turbulence  amplification 
are  significant. 

Gramann  also  calculated  the  variation  of  the 
rms  with  separation  shock  position,  and  these  re¬ 
sults  are  shown  by  the  symbols  in  Fig.  16.  Fbr 
X/6„  <  1.2,  nrs  levels  are  lower  than  the  dashed 
line  for  the  shock  upstream  (7  <  0.5)  and  equal 
to  or  larger  than  the  dashed  line  for  the  shock 
downstream  (7  >  0.5).  These  trends  are  reversed 
further  downstream.  Gramann  explains  this  re¬ 
versal  using  a  flowfield  model  in  which  the  fluc- 
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tuation  statistics  are  fixed  and  the  flowfield  slides 
up  and  down  the  ramp  in  the  opposite  direction 
to  the  separation  shock  w  ave  motion. 

3  THREE-DIMENSIONAL  FLOWS 

Fewer  measurements  of  fluctuating  loads  have 
been  made  in  3-D  flows  compared  to  2-D  flows, 
and  the  data  are  far  more  difficult  to  interpret 
since  the  flowfield  above  the  transducers  may  be 
highly  skewed.  Much  of  the  work  has  been  done 
in  the  past  seven  years.  The  interactions  stud¬ 
ied  include  flows  induced  by  (i)  swept  planar 
shocks  from  sharp  fins  at  angle  of  attack  (Tran 
et  al.  (1985),  TYan  (1987),  Tan  et  al.  (1987),  Gib¬ 
son  (1990),  Gibson  and  Dolling  (1992),  Schmis- 
seur  (1992),  Schmisfour  and  Dolling  (1992),  and 
Garg  and  Settles  (1993));  (ii)  crossing  planar 
shocks  generated  by  sharp  fins  at  angle  of  at¬ 
tack  (Batcho  et  al.  (1989));  (iii)  swept  com¬ 
pression  ramps  (Tran  (1987),  Boitnott  (1990), 
Dolling  et  al.  (1991),  Erengil  and  Dolling  (1992)]; 
(iv)  unswept  circular  cylinders  (Robertson  (1969, 
1971),  Narlo  (1986),  Dolling  and  Narlo  (1987), 
Smith  (1987),  Dolling  and  Smith  (1988,  1989), 
Brusniak  (1991),  Bibko  et  al.  (1991),  Shifcn 
and  Qingquan  (1992)];  (v)  unswept  hemicylindri- 
cally  blimt  fins  [Dolling  and  Bogdonoff  (1981), 
Dolling  and  Narlo  (1987),  Dolling  and  Brusniak 
(1991),  Gonsalez  and  Dolling  (1993),  and  Barn¬ 
hart  (1993)].  Barnhart’s  work  is  as  yet  unpub¬ 
lished.  To  the  author’s  knowledge,  only  Kleifges 


Fig.  16.  Rms  wall  pressures  as  a  function  of  sep¬ 
aration  shock  position  in  a  Mach  5  compression 
ramp  interaction  (h-om  Gramann,  1989). 


and  Dolling  (1993)  have  examined  the  effects  of 
leading  edge  sweepback  on  fluctuating  loads  on 
centerline  upstream  of  the  fin.  This  section  fo¬ 
cuses  primarily  on  what  has  been  learned  about 
the  unsteadiness  from  these  studies.  A  review  of 
the  mean  surface  properties  and  flowfield  struc¬ 
ture  in  such  interactions  is  given  by  Settles  and 
Dolling  (1990). 

Almost  all  of  the  work  cited  above  was  car¬ 
ried  out  at  or  below  Mach  5.  The  only  exception 
is  the  work  of  Shifen  and  Qingquan,  which  was 
carried  out  at  Mach  numbers  of  5  and  7.8.  The 
latter  study  also  included  measurements  of  fluctu¬ 
ating  heat  transfer  near  separation.  In  the  discus¬ 
sion  below,  the  swept  ramp  results  are  presented 
first,  followed  by  the  sharp  and  blunt  fins.  For  the 
reasons  mentioned  earlier,  there  are  few  measure¬ 
ments  in  the  outgoing  boundary  layer,  and  thus 
little  is  known  about  the  downstream  flowfield. 

3.1  Swept  Compression  Ramps 

Boitnott  (1990)  made  fluctuating  wall  pressure 
measurements  upstream  of  the  comer  line  in  in¬ 
teractions  generated  by  unswept,  10-deg.  and  20- 
deg.  swept  models  at  Mach  5.  Erengil  and  Dolling 
(1992)  extended  this  study  to  include  sweeps  of 
25,  30,  40,  and  50  deg.  In  both  studies  the  ramp 
streamwise  angle  was  fixed  at  28  deg.  In  the  ear¬ 
lier  work  of  'lYan  ( 1987)  at  Mach  3,  data  are  pre¬ 
sented  for  a  60-deg.  swept  model  with  streamwise 
ramp  angles  of  24  and  30  deg.  Since  measure¬ 
ments  were  made  only  along  a  single  line  perpen¬ 
dicular  to  the  ramp  comer  line,  no  information 
can  be  gleaned  concerning  spanwise  variations. 
To  the  author’s  knowledge,  there  are  no  measure¬ 
ments  of  fluctuating  pressures  on  the  surface  of 
swept  ramps. 

Wall  pressure  rms  distributions  upstream  of 
the  comer  are  generally  qualitatively  similar  to 
those  in  the  unswept  case  (Fig.  7).  The  data  are 
plotted  versus  (X +Xo)/ {Z +Zo),  which  is  the  tan¬ 
gent  of  a  conical  ray  from  the  virtual  conical  ori¬ 
gin.  There  is  a  local  maximum  generated  by  the 
unsteady  separation  shock  and  a  relatively  con¬ 
stant  value  under  the  separated  flow.  The  cause 
of  the  rapid  rise  in  rms  near  the  comer  is  unclear. 
Quantitatively,  rms  levels  generally  decrease  with 
increasing  sweep. 

In  the  experiments  of  Erengil  and  Dolling, 
the  10-deg.  swept  ramp  interaction  converged  to 
cylindrical  symmetry.  In  this  cylindrical  case, 
the  maximum  rms  generated  by  the  separa¬ 
tion  shock  was  only  slightly  lower  than  in  the 
unswept  case  and  was  constant  spanwise.  How¬ 
ever,  the  intennittent  region  was  about  20  percent 
shorter  and  the  band  of  shock  frequencies  higher. 
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Fig.  17.  Rms  wall  pressure  distributions  in  coni¬ 
cal  coordinates  in  swept  compression  corner  in¬ 
teractions  a)  corner  sweepback,  A,.  =  30  deg., 
b)  =  40  d^.,  and  c)  kerosene-lampblack  sur¬ 
face  traces  for  A^  =  40  deg.  with  instrumenta¬ 
tion  rows  indicated  (from  Erengil  it  Dolling, 
1992). 


The  entire  measurement  region  was  within  the 
inception  region  for  the  20-deg.  model.  The 
maximum  standard  deviation  increased  spanwise 
but  did  not  exceed  the  unswept  maximum  value. 
Shock  frequencies  spatmed  a  broader  range  than 
either  the  unswept  or  10-deg.  cases.  In  the  highly 
swept  interactions  (corner  line  sweeps  greater 
than  25  deg.  at  Ma^  5),  the  rms  distributions 
were  conically  symmetric,  as  were  the  mean  dis¬ 
tributions. 

Figure  18  shows  (CTp)max  in  the  intermittent 
region  from  several  rows  at  different  distances 
from  the  ramp  apex  plotted  versus  the  local 
sweepback  angle  of  the  separation  line,  A^.  The 
rms  decreases  by  a  factor  of  about  2  as  the  sep¬ 
aration  line  is  swept  back  from  0  to  36.5  deg. 
Inspection  of  the  wall  pressme  signals  near  sep¬ 
aration  highlights  the  physical  effects  of  sweep- 
back.  Sample  signals  at  A  =  0,  20  and  40  deg. 
(with  their  corresponding  amplitude  probability 
density  distributions)  are  shown  in  Fig.  19.  The 
signal  from  the  highly  swept  flow  (Ac  =  40  deg.) 
differs  from  the  other  two;  although  it  is  still  in¬ 
termittent,  it  has  lower  amplitude  fluctuations  at 
higher  frequency,  and  the  secondary  peak  in  the 
probability  distribution  is  no  longer  present.  In 
general,  the  amplitude  of  the  wall  pressure  fluc¬ 
tuations  decreases,  and  the  frequencies  increase 
with  increasing  sweep.  The  change  is  initially 
gradual  with  increasing  sweep,  but  becomes  more 


Fig.  18.  Maximum  rms  level  near  separation  in 
Mach  5  swept  compression  ramp  interactions  as 
a  function  of  separation  line  sweepback  (from 
Erengil  it  Dolling,  1992). 
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Fig.  19.  Sample  wall  pressure  signals  and  corresponding  probability  density  distribu¬ 
tions  in  unswept  and  swept  compression  ramp  interactions  (from  Erengil  &  Dolling, 
1992). 


rapid  as  sweep  increases  (>  25  deg.).  Power  spec¬ 
tra  at  the  location  of  the  maximum  rms  for  all 
seven  sweep  angles  (Fig.  20)  show  this  trend  very 
clearly.  The  range  of  separation  shock  frequen¬ 
cies  increases  from  about  0.3-0.5  kHz  for  unswept 
flow  to  about  2-7  kHz  in  highly  swept  flows.  Note 
that,  for  a  fixed  sweep,  the  frequency  content  of 
signsJs  in  the  intermittent  region  is  independent 
of  position. 

Figure  21a  shows  the  normalized  length  of  the 
intermittent  region,  Li/6o,  as  a  horizontal  line 
for  the  unswept  and  the  moderately  swept  in¬ 
teractions  (Ac  <  20  deg.).  Since  highly  swept 
interactions  (Ac  >  25  deg.)  are  quasi-conically 
symmetric,  it  is  more  appropriate  to  define  the 
intermittent  region  length  in  terms  of  an  angu¬ 
lar  increment  rather  than  in  terms  of  6o-  Figure 
21b  shows  the  angular  extent  of  the  intermittent 
region  by  a  vertical  line  drawn  from  Aq  to  Ai. 
Here,  Aq  and  Ai  are  the  sweepback  angles  of  rays 
along  which  the  intermittency  is  about  0.02  and 
about  0.98,  respectively.  In  this  representation, 
each  line  forms  a  scale  ranging  from  7  w  0.98  to 
7  w  0.02.  The  relative  position  of  the  separa¬ 
tion  line  from  the  flow  visualization  is  also  indi¬ 
cated  on  each  of  th^  lines  by  A^.  The  decreas¬ 
ing  length  of  the  horizontal  lines  in  Fig.  21a  (tmd 
the  vertical  ones  in  highly  swept  interactions  in 
Fig.  21b)  shows  quite  clearly  the  shrinking  of  the 
intermittent  region  as  the  interaction  is  progres¬ 
sively  swept  back.  Note,  however,  that  in  a  given 
quasi-conical  interaction  the  length  of  the  inter¬ 
mittent  region  grows  spanwise.  Furthermore,  the 
changing  position  of  the  marker  (i.e..  As)  indi¬ 
cating  the  location  of  the  separation  line  shows 


that  the  separation  location  from  surface  flow  vi¬ 
sualization  moves  upstream  in  the  intermittent  re¬ 
gion  towards  lower  and  lower  values  of  intermit¬ 
tency.  A  possible  explanation  of  this  phenomenon 
is  given  in  the  Appendix. 


Fig.  20.  Power  spectra  at  position  of  maxi¬ 
mum  rms  near  separation  in  unswept  and  swept 
compression  ramp  interactions  (from  Dolling  it 
Erengil,  1992). 
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Fig.  21.  Variation  of  intermittent  region  iength 
and  relative  iocation  of  the  separation  iine  with 
ramp  sweepback  angie  a)  unswept  and  moder- 
ateiy  swept  flow,  and  b)  conically-symmetric 
(i.e.,  highly  swept)  flow. 

Erengil  and  Dolling  (1992)  examined  the 
shock  dynamics  directly,  using  shock  foot  position 
and  velocity  histories  deduced  from  simultane¬ 
ously  sampled  wall  pressure  signals.  They  foimd 
that  the  separation  shock  dynamics,  defined  in 
terms  of  the  shock  foot  history  and  its  statistics, 
are  essentially  the  same  in  ail  swept  ramp  interac¬ 
tions.  The  separation  shock  foot  position  is  nor¬ 
mally  distributed,  and  the  mean  shock  velocities 
are  essentially  equal.  The  only  difference  between 
flows  is  in  the  length  of  the  region  in  which  the 
separation  shock  moves.  Higher  shock  frequencies 
are  therefore  a  direct  result  of  the  decrease  in  the 
length  scale  of  the  separation  shock  motion. 

3.2  Glancing  Shock  Interactions 

The  work  of  TVan  et  al.  (1985),  TVan  (1987), 
and  Tan  et  al.  (1987),  was  performed  at  Mach  3 


for  fin  angles  of  attack  of  10,  12,  16,  and  20 
deg.  The  Mach  number  normal  to  the  shock,  A#„ 
which  is  a  measure  of  interaction  strength,  var¬ 
ied  from  about  1.37  to  1.82.  Measurements  were 
made  along  a  single  survey  line  in  the  undisturbed 
freestream  direction.  Gibson  (1990),  Gibson  and 
Dolling  (1992),  Schmisseur  (1992),  and  Schmls- 
seur  and  Dolling  (1992)  made  measurements  at 
Mach  5  for  fin  angles  of  attack  from  16  to  28 
deg.  M„  varied  fr(Hn  2.1  to  3.2.  Gibson’s  work 
was  done  on  a  flat  plate  test  surface  with  a  trans¬ 
ducer  layout  which  took  advantage  of  the  quasi- 
conical  structure  of  sharp  fin  flowfields.  TYans- 
ducers  were  arranged  along  rays  from  the  virtual 
conical  origin.  Schmisseur's  wOTk  was  done  under 
the  same  freestream  conditions  but  on  the  tunnel 
floor,  in  order  to  take  advantage  of  the  improved 
spatial  resolution  associated  with  a  thicker  bound¬ 
ary  layer.  The  only  other  experiments  known  to 
the  author  are  those  of  Garg  and  Settles  (1993) 
at  Mach  numbers  of  3  and  4.  The  angle  of  at¬ 
tack  range  was  10-20  deg.  at  Mach  3  and  16-20 
deg.  at  Mach  4,  resulting  in  values  of  A/„  from  1.4 
to  2.16.  Again,  to  take  advantage  of  the  conical 
symmetry,  the  transducers  were  installed  along  a 
circular  arc  centered  at  the  fin  leading  edge. 

The  results  of  Gibson  and  Schmisseur  show 
that,  within  engineering  accuracy,  rms  wall  pres¬ 
sure  distributions  (like  the  mean  wall  pressure) 
are  consistent  with  the  view  that  quasi-coniclty 
is  the  salient  feature  of  the  interaction  footprint. 
No  other  topography  descries  the  results  as  well. 
Distribution  of  the  mean  {Pw/Poo)  and  normal¬ 
ized  rms  wall  pressures  {ap/Pw)  as  a  function  of 
conical  angle  /?  shown  in  Fig.  22  illustrates  the 
collapse.  The  angle  P  and  subscripts  associated 
with  separation,  etc.  are  defined  in  the  sketch 
above  Fig.  22.  In  this  case,  the  transducer  rows 
labeled  A,  B,  and  C  in  Fig.  22  were  perpendicular 
to  the  inviscid  shock  wave  and  located  at  differ¬ 
ent  distances  along  the  shock.  The  shapes  of  the 
distributions  are  the  same  as  those  obtained  by 
Garg  and  Settles  at  lower  Mach  numbers. 

Garg  and  Settles  attempt  to  explain  the  fea¬ 
tures  of  the  mean  and  rms  distributions  using  de¬ 
tailed  flowfield  maps  developed  in  earlier  work 
(Alvi  and  Settles,  1992).  An  example  of  their 
measurements  and  a  sketch  of  the  corresponding 
flowfield  map  are  shown  in  Fig.  23.  They  point 
out  that  the  local  peak  in  rms  near  “5”  is  almost 
certainly  generated  by  the  translating  separation 
shock,  as  in  other  interactions.  Schmisseur’s  work 
at  Mach  5  confirms  this.  Aft  of  separation,  apIP^ 
remains  almost  constant  for  a  considerable  angu¬ 
lar  distance  and  corresponds  to  the  plateau  region 
in  the  mean  pressure  distribution.  This  behavior, 
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Fig.  22.  Mean  and  rms  pressure  distributions 
in  glancing  shock  interactions  at  Mach  5  (from 
Schmisseur,  1992). 


as  noted  earlier,  also  occurs  in  2-D  flows.  They 
note  next  that  the  second  rms  peak  occurs  close 
to  the  dip  in  the  mean  pressure  distribution.  The 
dip  is  more  noticeable  in  the  Mach  3  and  4  ex¬ 
periments  than  at  Mach  5  and  may  be  a  function 
of  incoming  boundary  layer  thickness,  which  was 
smaller  in  In  Garg  and  Settles’  experiment.  At 
Mach  3  and  4,  this  second  peak  is  directly  un¬ 
derneath  the  core  of  the  separation  vortex.  In 
the  Mach  5  experiments,  this  peak  is  upstream  of 
the  inviscid  shock  (Fig.  22),  whereas  at  Mach  3 
and  4  it  is  downstream.  Garg  and  Settles  suggest 
that  the  trend  of  the  vortex  core  approaching  the 
inviscid  sh(x;k  location  (as  evident  in  their  flow- 
field  maps)  may  continue  as  interaction  strength 
increases.  I'hus,  at  Mach  5,  the  vortex  core  may 
actually  lie  upstream  of  the  inviscid  shock. 

The  highest  absolute  fluctuation  levels  in  the 
glancing  shock  interaction  are  atjocations  closest 
to  the  fin  although,  in  terms  of  Pw  (Fig.  23),  the 
normalized  levels  are  only  a  factor  of  2  or  3  larger 
than  in  the  undisturbed  boundary  layer.  In  Garg 
and  Settles’  work,  the  highest  rms  levels  nearest 
the  fin  correspond  to  a  sound  pressure  level  of 
160  dB.  The  Mach  5  experiments  give  similar  lev¬ 
els. 

In  Schmisseur ’s  work  at  angles  of  attack  of  16 
28  deg.,  the  wall  pressure  signals  near  separation 
were  clearly  intermittent  and  qualitatively  similar 
to  those  in  unswept  flows.  Thus,  as  noted  above, 
the  local  maximum  in  the  rms  near  separation  is 
generated  by  the  translating  separation  shock,  as 
in  other  interactions.  In  the  earlier  work  of  Gib¬ 
son  and  Dolling,  intermittency  was  not  evident  in 
the  pressure  signals,  and  the  local  flowfield  near 
separation  was  described  as  a  shuddering  com¬ 
pression  rather  than  a  translating  shock.  This 
conclusion  now  appears  to  be  incorrect.  As  ex¬ 
plained  independently  by  Schmisseur  and  Dolling 
(1992)  and  Garg  and  Settles  (1993),  it  is  probable 
that  this  result  can  be  attributed  to  inadequate 
spatial  resolution. 

Power  spectra  near  separation  show  that  for 
the  same  incoming  flow  conditions  the  frequency 
band  of  the  translating  shock  is  significantly 
higher  than  in  unswept  flow.  This  is  consistent 
with  the  results  from  swept  compression  ramp 
flows.  At  16-deg.  angle  of  attack,  with  the  separa¬ 
tion  line  swept  back  25  deg.,  Schmisseur  observed 
that  the  shock  frequencies  were  in  the  range  4- 
5  kHz  and  that  they  did  not  increase  further  with 
increased  sweep.  This  observation  is  also  con¬ 
sistent  with  results  from  swept  ramp  flows.  As 
seen  in  Fig.  20,  the  increase  in  shock  frequency 
occurs  rapidly  as  the  flowfield  is  initially  swept 
back  and  does  not  change  much  beyond  25-30 
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Fig.  23.  Mean  and  rms  pressure  distributions 
in  a  Mach  4,  20-deg.  glancing  shock  interactii  j 
(from  Garg  k  Settles,  1993). 

deg.  of  sweepback.  Appropriate  parameters  for 
scaling  power  spectra  in  the  intermittent  region 
are  not  entirely  clear.  In  the  studies  of  Schmis- 
seur  and  Gibson  at  Mach  5,  separation  shock  fre¬ 
quencies  were  of  order  5  kHz  and  8-10  kHz,  re¬ 
spectively,  whereas  in  Tran’s  work  at  Mach  2  they 
were  around  2  kHz.  Schmisseur  plotted  the  power 
spectral  densities  versus  Strouhal  number,  “5,” 
defined  as  f  6/Uoo  (Fig.  24).  At  Mach  5,  the  spec¬ 
tra  are  centered  at  a  Strouhal  number  of  about 
0.08-0.10  while,  at  Mach  3,  it  is  centered  around 
0.06.  Whether  this  is  a  Mach  number  influence  or 
physically  incorrect  scaling  parameters,  or  both, 
is  not  clear.  More  data  over  a  wider  range  of  con¬ 
ditions  are  needed  to  resolve  this  question. 

Under  the  separated  flow,  spectra  are  similar 
to  those  of  an  undisturbed  boundary  layer  with  in¬ 
creased  frequency  content  at  lower  levels.  Closer 
to  the  fin,  under  the  impinging  jet  (Fig.  23),  a  shift 
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Fig.  24.  Power  spectra  at  maximum  rms  ncmr 
separation  at  Mach  5  and  at  Mach  3  using  6^  as 
a  scale  for  reduced  frequency  (from  Schmisseur, 
1992). 

to  lover  frequencies  occurs,  la  Schmisseur’s  work 
spectra  are  centered  around  15  kHz,  comparai  to 
5  kHz  in  the  intermittent  region  and  20-40  kHz  in 
the  undisturbed  boundary  layer.  Garg  and  Set¬ 
tles  suggest  this  shift  to  lower  frequencies  is  due 
to  the  fact  that  “these  locations  are  relatively  iso¬ 
lated  from  the  influence  of  the  turbiilent  separated 
shear  layer,  which  wraps  around  the  vortex  core 
and  becomes  a  part  of  the  reverse  flow  upstream 
of  these  locations.”  Closest  to  the  fin,  where  the 
highest  rms  levels  occur,  Garg  and  Settles  show 
a  further  decrease  in  frequency — in  their  case,  to 
about  5  kHz.  They  suggest  that  this  may  be  due 
to  the  flapping  of  the  slip  layer,  observed  previ¬ 
ously  in  flow  visualization  studies. 

Appropriate  correlating  parameters  for  the 
rms  levels  associated  with  the  plateau  and  the 
maximum  near  the  fin  are  not  clear.  The  same 
remark  applies  to  the  power  spectra.  As  noted 
earlier,  (<7p)max  near  separation  is  typically  about 
0.4-0.5  (AP)5,  but  how  {AP)s  varies  with  Moo, 
Mn,  or  Re  is  not  known  in  any  rigorous  fashion. 
Garg  and  Settles  plot  {opf  Poo)m^%  near  the  fin  as 
a  function  of  normal  Mach  number;  but  this  sim¬ 
ple  scaling  would  not  appear  to  be  imiversal,  since 
the  Mach  5  data  of  Schmisseur  fall  far  above  it. 

Batcho  et  al.  (1989)  report  fluctuating  wall 
pressure  data  in  a  Mach  3  crossing-shock  inter¬ 
action.  Both  fins  were  set  at  angle  of  attack  of 
either  7  or  1 1  deg.  Measurements  were  made  only 


along  the  centerline  of  the  flowfield.  For  the  7- 
deg.  case,  the  rms  pressure  levels  are  low  (1  to  2 
percent  of  Poo)  along  the  survey  line,  while,  at  11 
deg.,  a  peak  rms  level  of  about  15-20  percent  of 
Poo  was  measured  downstream  of  the  shock  cross¬ 
ing  point.  At  this  stage,  the  paucity  of  data  in 
this  type  of  flowfield  make  it  difRci'U  to  draw  any 
general  conclusions. 

3.3  Blunt  Fins  and  Cylinders 

Interactio.is  induced  by  hemicylindrically  blunted 
fins  and  circular  cylinders  have  much  in  cormnon. 
The  boundary  layer  separates  about,  two  to  three 
diameters  upstream  of  the  leading  edge  and  rolls 
up  in  a  vortical  structure  which  then  develops 
spanwise  and  rearward  as  a  horseshoe  vortex  sys¬ 
tem.  The  streamwise  scale  of  the  flowfield  and 
spanwise  flow  development  depend  largely  on  D 
and  only  weakly  on  So  (Dolling  and  BogdonofT, 
1982). 

The  data  base  is  fairly  extensive,  spanning  the 
range  from  transonic  (Robertson,  (1969,  197il|  to 
Mach  7.8  (Shifen  and  Qingquan,  (1992)].  Other 
than  Dolling  and  BogdonofT  (1981)  at  Mach  3, 
Aso  ot  al.  (1991)  at  Mach  4,  Gonsalez  and  Dolling 
(1993)  at  Mach  5,  and  Barnhart  (1993)  at  Mach 
numbers  of  2-5,  most  of  the  d.ata  are  on  centerline 
upstream  of  the  cylinder  or  fin.  As  noted  earlier, 
the  work  of  Barnhart  is  still  in  progress  and  has 
not  yet  been  published.  Shifen  and  Qingquan  also 
made  fluctuating  heat  transfer  measurements  on 
centerline  at  Mach  numbers  of  5  and  7.8. 

Between  the  upstream  influence  line  and  “5,” 
the  wall  pressure  signal  is  mtermittent  and  ap  in¬ 
creases  rapidly,  with  a  maximum  upstream  of  “5” 
(Fig.  ?5).  The  distribution  shape  in  the  vicinity 
of  “5”  is  the  same  as  in  other  interactions  and  is 
generated  by  the  unsteady  separation  shock.  At 
a  given  Mach  number,  the  magnitude  of  (<7p)m«* 
depends  on  the  ratio  of  D/So,  as  shown  in  Fig. 
26.  Physically,  for  small  D/So,  the  separation 
shock  structure  is  completely  immersed  in  the 
nonuniform  incoming  boundary  layer.  As  D/So 
increases,  a  larger  fraction  of  the  shock  fore^s  in 
the  more  uniform  external  stream.  At  large  D/So, 
when  the  shock  is  predominantly  outside  of  the 
boundary  layer,  constant  conditions  prevail. 

Measurements  made  by  Brusniak  (1991)  show 
that  a  cylinder  or  fin  with  the  same  D  gener¬ 
ates  the  same  distribution  of  ap  on  centerline  up¬ 
stream  of  the  model.  Thus  the  centerline  flow  is 
unaffected  by  the  cylinder  wake.  Since  the  length 
of  the  streamwise  region  between  the  upstream 
influence  line  and  S  scales  with  D,  not  So,  the 
separation  shock  motion  may  be  a  fraction  of  So 
or  several  So-  In  terms  of  D,  Ls/D  is  typically 


about  0.5  0.8. 

The  magnitude  of  (tr/dmax  near  .separation  de¬ 
creases  spanwise,  but  not  rapidly.  For  a  fin  at  zero 
angle  of  attack  at  Mach  4,  Aso  ct  al.  (1991)  re¬ 
port  that  {op/^w)nvL%.  decreases  from  about  0  26 
on  centerline  to  about  0.2  at  Y/  D  =  3,  a  20  per¬ 
cent  reduction.  At  Mach  3,  Dolling  and  Bogdonolf 
(1981)  report  a  30  percent  decrease  from  0.18  to 
0.12.  In  absolute  terms,  the  decrease  in  ((Tp)niax 
was  also  about  30  percent.  The  heal  transfer  near 
separation  is  also  intermittent.  In  tlie  work  of 
Shifen  and  Qingquan,  the  ratio  of  aq  to  q^,  in  the 
intermittent  region  reaches  a  maximum  value  of 
about  0.5. 
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Fig.  25.  Mean  and  rm*»  pressure  distributions 
on  centerline  upstream  of  blunt  fins  at  Mach  3 
and  Mach  5. 


A  series  of  seven  power  sptjctra  on  centerline 
in  a  Mach  5  cylinder  interaction  on  centerline  are 
shown  in  Fig.  27.  The  data  are  for  a  0.5-inch 
diameter  cylinder  in  a  boundary  layer  approxi¬ 
mately  0.25-in.  thick  and  have  a  frequency  res¬ 
olution  of  195  Hz.  These  results  are  typical  of 
the  spectral  evolution  seen  in  several  studies  at 
Mach  3  and  Mach  5.  At  station  1  in  the  undis¬ 
turbed  boundary  layer,  there  is  little  energy  at 


low  frequencies,  as  expected.  Station  2  is  at  an 
intermittency  of  about  50  percent,  and  Station  3 
is  at,  or  slightly  downstream  of,  “S.”  Spectra  in 
the  intermittent  region  all  have  the  same  shape, 
with  large  energy  contributions  at  0.2-5  kllz,  due 
to  the  unsteady  separation  shock.  Such  low  shock 
frequencies  are  typical.  There  appears  to  be  rela¬ 
tively  little  influence  of  Mach  number,  cylinder  di¬ 
ameter,  or  incoming  boundary  layer  on  the  shock 
frequencies.  Shifen  and  Qingquan,  at  Mach  5  anvi 
7.8,  report  that  “most  of  the  separation  shock  os¬ 
cillation  frequencies  are  below  2.5  kilz.” 


Fig.  26.  Variation  of  (^rplniax/^oo  separa¬ 
tion  for  blunt  fin  Interactions  at  Mach  3. 

Robertson  (1971)  correlated  power  spectra 
measured  at  the  mean  shock  location  in  cylinder- 
induced  flows  at  M  =  1.4  and  1.6,  and  trom 
an  unswept  compression  ramp  flow  at  M  =  2 
by  plotting  G{f)Uoo/<ilo^o  versus  fC/Uoo  and 
G{f)Uoo/q^l^sep  versus  /f/sep/t/oo,  where  Lgep  is 
the  separated  flow  length.  A  better  collapse  was 
obtained  using  Lgep  than  with  So-  However,  it 
does  not  appear  that  these  correlating  parame¬ 
ters  are  generally  appropriate,  as  explained  be¬ 
low.  Power  spectra  at  Mach  5  for  different  cylin¬ 
der  diameters  and  boundary  layer  thicknesses  are 
shown  in  Fig.  28.  Spectra  for  cases  2  and  3  cor¬ 
respond  to  flows  in  which  Lgep  is  2.4/7  in  both 
cases;  but,  due  to  the  differences  in  D,  is 
3.05  cm  and  4.6  cm,  respectively.  Since  Qoo  and 
Uoo  are  the  same  for  both  flows,  i.ormalization 
using  Lgep  would  separate  the  curves  rather  than 
collapse  them.  Further,  it  can  be  seen  in  Fig.  28 
that,  for  a  given  incoming  boundary  layer,  a  larger 
diameter  cylinder  generates  lower  shock  frequen- 
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Fig.  27.  Typical  power  spectra  on  centerline  in 
a  Mach  5  blunt  Bn  interaction  (from  Brusniak 
&  Dolling,  1992). 


cie8.  This  suggests  that  the  separation  siiock  fre¬ 
quencies  are  also  influenced  by  the  downstream 
separated  flow,  since  the  incoming  conditions  arc 
fixed  and  only  D  is  altered.  More  is  said  about 
this  in  Sec.  4.  Thus,  neither  nor  Lgep  is  appro¬ 
priate  as  a  normalizer  by  itself,  since  both  play  a 
role  in  setting  the  shock  fre<iuency. 


Fig.  28.  Effects  of  cylinder  diameter  and  bound¬ 
ary  layer  thickness  on  power  spectra  at  maxi¬ 
mum  rms  near  separation  in  Mach  5  interac¬ 
tions  (from  Dolling  it  Smith,  1989). 


Fig.  29.  Ck>rrclation  of  power  spectra  at  max¬ 
imum  rms  near  separation  using  Li  as  sl  scale 
for  the  reduced  frequency  (from  Gonsalez  ic 
Dolling,  1993). 

Gonsalez  and  Dolling  (1993)  show  that  spec¬ 
tra  in  the  intermittent  region,  generated  by  differ¬ 
ent  diameter  cylinders,  can  be  collapsed  by  plot¬ 


ting  G(/)  •  f/op^  versus  fLx/Uoo,  where  Li  is 
the  intermittent  region  length  (Fig.  29).  Simi¬ 
larly,  power  spectra  measured  at  a  given  separa¬ 
tion  line  sweepback  angle  can  be  collapsed  in  the 
same  way.  This  scaling  using  L,  appears  to  have 
a  firm  foundation,  but  the  use  of  Uoo  should  be 
viewed  as  tentative,  since  all  of  the  experiments 
were  carried  out  at  the  same  Uoo-  Further,  it  is 
not  a  very  practical  formulation  since  the  param¬ 
eter  Li  is  not  usually  known  a  priori  However, 
the  results  from  the  parametric  study  of  Gonsalez 
and  Dolling  at  Mach  5  show  that  Li/D  %  0.8  for 
separation  line  sweepback  angles  less  than  about 
30  deg.;  between  30  and  60  deg.,  Li/ D  increase 
linearly  to  about  1.15D.  First-order  estimates  of 
power  spectra  could  probably  be  obtained  using 
these  values  for  L*. 

Returning  to  Fig.  27,  station  4  is  at  the 
upstream  end  of  the  separated  flow  and  has  a 
birnodal  spectrum.  The  energy  concentration 
around  30  kHz  is  caused  by  the  passage  of  sepa¬ 
rated,  large-scale  turbulent  structures  which  orig¬ 
inated  in  the  incoming  boundary  layer.  Station  5, 
imder  peak  2  in  the  ap  distribution  (Fig.  25),  is 
almost  birnodal;  but  the  lower  frequency  is  now 
centered  around  2  kHz,  the  shock  frequency.  Sta¬ 
tion  6,  at  peak  3  in  the  ap  distribution,  has  some 
energy  centered  around  the  shock  frequencies,  but 
most  is  around  25  kHz.  Finally,  at  the  cylinder 
ba.se,  when  the  absolute  maximum  loading  levels 
occur  under  the  root  vortex,  the  bandwidth  is  rel¬ 
atively  narrow  and  at  high  frequency  (sa  25  kHz). 
In  the  work  of  Brusniak  at  Mach  5,  rms  levels  of 
up  to  260  percent  of  the  local  mean  wall  pressure 
were  measured  at  the  fin  root.  These  correspond 
to  the  most  intense  levels  known  to  the  author, 
about  184  dB. 

Kleifges  and  Dolling  (1993)  have  measured 
mean  and  rms  wall  pressure  distributions  on  cen¬ 
terline  upstream  of  blunt  fins  with  leading  edges 
sweptback  8,  18  and  30  deg.  in  a  Mach  5  flow. 
This  study  is  still  in  progress  and,  thus,  only 
preliminary  results  are  available.  As  expected, 
upstream  influence  decreased  from  about  3.4D 
(unswept  case)  to  about  1.2D  (30  deg.  swept 
back).  The  rms  levels  associated  with  the  trans¬ 
lating  separation  shock  decreased  by  only  about 
20  percent,  while  the  shock  zero-crossing  fre¬ 
quency  increased  by  about  20  percent.  However, 
loading  levels  at  the  fin  root  decreased  by  about 
75  percent. 

At  this  point,  it  is  appropriate  to  note  that  a 
large  variety  of  separated  flow  structures  can  ex¬ 
ist,  depending  on  the  cylinder  geometry  and  ori¬ 
entation,  and  incoming  flow  parameters  such  as 
Reynolds  number  and  Mach  number.  The  quali- 
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tative  structure  can  best  be  understood  in  terms 
of  vortex  systems;  these  include  vortices  that  form 
in  the  upstream  separated  flow,  the  stretching  of 
these  vortices  around  the  leading  edge  in  a  horse¬ 
shoe  shape,  and,  in  the  case  of  cylinder  flows,  the 
near-wake  spiral  vortices.  This  pattern  is  common 
to  both  laminar  and  turbulent  flows,  as  well  as  to 
Mach  niunbers  up  to  the  hypersonic  range.  How 
many  vortices  occur  appears  to  be  primarily  a 
function  of  Reynolds  number,  certain  dimension¬ 
less  parameters,  luid  flow  type  (Sedney  (1973)]. 
Since  these  vortices  generate  large  streamwise  and 
spanwise  pressure  gradients,  it  is  obvious  they  will 
play  a  dominant  role  in  the  wall  pressure  fluctu¬ 
ation  behavior.  This  behavior  is  likely  to  be  very 
complex.  The  examples  cited  above  should  be 
considered  in  this  context. 


Fig.  30.  Rras  pressure  contours  in  a  Mach 
3  blunt  fin  interaction  (from  Dolling  &  Bog- 
donoff,  1981). 

There  are  relatively  few  results  from  under  the 
separated  flow.  Those  of  Dolling  and  Bogdonoff 
at  Mach  3,  Aso  et  al.  at  Mach  4,  and  Brusniak  at 
Mach  5  all  show  essentially  the  same  features.  As 
seen  in  Fig.  25,  ap  continues  to  increase  down¬ 
stream  of  “5.”  It  reaches  a  second  peak  whose 
magnitude  is  somewhat  smaller  than  that  caused 
by  the  unsteady  separation  shock.  The  peak  in 
the  intermittent  region  maintains  its  position  rel¬ 
ative  to  the  upstream  influence  line  with  increas¬ 
ing  distance  spanwise;  the  second  peak  is  swept 
back  and  crosses  underneath  the  inviscid  shock 
at  X/D  =  3  (Fig.  30).  On  centerline,  the  sec¬ 
ond  peak  is  alx^ut  one  diameter  upstream  of  the 
fln  leading  edge,  approximately  at  the  upstream 
limit  of  the  embedded  supersonic  reversed  flow  re¬ 
gion  predicted  in  a  mnnerical  study  by  Hung  and 


Buning  (1985).  As  seen  in  Fig.  30,  the  second 
peak  decays  rapidly  and,  further  spanwise  than 
X/D  =  i,  is  no  IcHiger  detectable. 

4  MECHANISM  OF  UNSTEADINESS 

There  have  been  relatively  few  studies  focusing 
on  the  cause  of  the  unsteadiness  of  shock-induced 
turbulent  separation.  One  of  the  first  was  that 
of  Andreopoulos  and  Muck  (1987),  who  analyzed 
wall  pressure  signals  measured  in  Mach  3  com¬ 
pression  ramp  interactions.  They  reported  that 
the  mean  separation  shock  period,  Tm,  was  in¬ 
dependent  of  position  in  the  intermittent  region 
and  independent  of  the  ramp  angle.  The  value 
of  Tn,  corresponded  to  a  value  of  /c(=  l/7)n)  of 
0.l3Uoo/So,  which  the  authors  claimed  was  the 
same  order  as  the  estimated  bursting  frequency 
in  the  incoming  boundary  layer.  They  also  ar¬ 
gued  that,  since  the  measured  shock  speeds  were 
the  same  order  as  velocity  fluctuations  in  the 
flowfield,  this  “represents  further  evidence  that 
the  turbulence  of  the  incoming  boundary  layer  is 
largely  responsible  for  the  shock  motion." 

Although  later  experiments  (see  below)  have 
shown  that  turbulence  in  the  incoming  boundary 
layer  plays  an  important  role,  doubts  were  origi¬ 
nally  raised  about  the  above  conclusions.  First,  if 
the  shock  frequency  was  controlled  by  turbulent 
bursts,  then  in  a  given  boundary  layer  it  might  be 
anticipated  that  the  shock  frequency  and  stream- 
wise  length  scale  of  the  motion,  Lg,  would  be 
fixed.  This  is  certainly  not  the  case.  As  noted 
earlier,  for  a  circular  cylinder  of  diameter,  D,  the 
shock  frequency  decreases  as  D  increases,  and  Lg 
increases  as  D  increases,  all  in  a  given  bound¬ 
ary  layer.  Doubts  also  arose  about  the  validity  of 
the  data  analysis  procedure  used  by  Andreopou¬ 
los  and  Muck.  A  one-threshold  algorithm  was 
used  to  convert  the  intermittent  pressure  signals 
into  boxcars,  which  are  subsequently  analyzed  to 
provide  information  on  shock  frequency,  period, 
etc.  One-threshold  algorithms  are  known  to  over¬ 
estimate  shock  frequencies  significantly  because 
of  their  inability  to  discriminate  consistently  be¬ 
tween  shock-induced  and  turbulent  pressure  fluc¬ 
tuations. 

Moreover,  the  later  work  of  Tran  (1987)  ap¬ 
peared  to  contradict  the  findings  of  Andreopou¬ 
los  and  Muck.  Tran’s  work  was  done  in  the  same 
Mach  3  blowdown  facility  in  the  same  boundary 
layer,  but  with  a  20-deg.  compression  ramp  rather 
than  a  24-deg.  model.  One  transducer  was  placed 
on  the  upstream  influence  line  and  the  other  fur¬ 
ther  upstream  in  the  incoming  boundary  layer. 
TYan  found  little  correlation  between  events  de¬ 
tected  on  the  upstream  channel,  using  the  VITA 


technique,  and  the  shock-induced  pressure  pulses 
on  the  downstream  channel.  He  concluded  that 
the  pressure  pulses  in  the  intermittent  region  were 
independent  of  the  large-scale  structmes  in  the 
upstream  boundary  layer  which  are  convected 
into  the  interaction.  Tran’s  conclusions,  how¬ 
ever,  must  also  be  treated  with  some  caution. 
In  his  experiment,  only  a  single  transducer  was 
placed  in  the  intermittent  region,  close  to  its  up¬ 
stream  edge.  It  is  quite  possible  that  the  separa¬ 
tion  shock  moved  upstreson  and  downstream  in  re¬ 
sponse  to  the  incoming  turbulence,  but  remained 
downstream  of  the  transducer  whose  output  was 
being  receded.  With  hindsight,  it  might  have 
been  more  appropriate  to  use  the  large  shock- 
induced  pressiue  rise  on  the  downstream  chan¬ 
nel  as  a  trigger  and  ensemble  average  on  the 
upstream  chaimel  in  the  undisturbed  boundary 
layer.  The  trigger  is  then  a  very  well-defined  and 
well-understood  event 

This  was  the  approach  adopted  by  Erengil 
and  Dolling  (1991,2)  and  later  refined  by  Mc¬ 
Clure  (1992).  Erengil  and  Dolling  made  si¬ 
multaneous  fluctuating  wall  pressure  measure¬ 
ments  in  the  incoming  undisturbed  boundary 
layer  and  under  the  unsteady  separation  shodc 
wave  in  a  Mach  5  compression  ramp  interaction. 
Conditional  sampling  algorithms  and  a  variable- 
window-ensemble-averaging  technique  were  used 
to  investigate  the  correlation  between  specific  sep¬ 
aration  shock  motions  (i.e.,  upstream  or  down¬ 
stream  sweeps,  tumaroimds)  and  pressure  fluctu¬ 
ations  in  the  incoming  flow.  In  these  exploratory 
experiments,  there  was  imcertainty  in  the  inter¬ 
pretation  of  some  of  the  results,  due  to  an  insuf¬ 
ficient  number  of  ensembles  for  certain  types  of 
shock  motion.  This  has  since  been  clarified  by 
McClure  (1992),  as  explained  below.  Neverthe¬ 
less,  to  the  current  author’s  knowledge,  these  re¬ 
sults  were  the  first  to  show  a  direct  correlation  be¬ 
tween  pressure  fluctuations  in  the  incoming  flow 
and  sepxaration  shock  motion. 

McClure’s  experimental  arrangement  was  the 
same  as  that  of  &engil  and  Dolling  (see  the  inset 
of  Fig.  31).  The  primary  difference  in  the  anal¬ 
ysis  procedure  was  in  the  selection  criterion  for 
ensemble  extraction.  McClure  used  shock  sweep 
length  alone,  not  sweep  length  and  location,  as 
used  by  Erengil  and  Dulling.  For  example,  a  3- 
channel  upstream  sweep  from  channel  6  to  chan¬ 
nel  4  provided  ensembles  which  were  subsequently 
averaged  with  ensembles  from  upstream  sweeps 
frc«n  channels  3  to  1.  Phase  alignment  accounted 
for  differences  in  transducer  locations.  This  sim¬ 
ply  invdved  mapping  the  ensembles  to  a  set  of 
pseudo  channels  so  that  the  beginning  of  the  trig¬ 


gering  event  (say  an  upstream  sweep)  was  mapped 
to  the  same  pseudo  channel.  All  remaining  chan¬ 
nels  had  the  same  position  relative  to  the  starting 
channel  as  in  the  physical  layout.  The  characteris¬ 
tics  of  the  ensembles  were  huther  brought  out  by 
(X)mbining  ensemble-averages  from  several  runs. 

Results  for  3-channel  downstream  and  up¬ 
stream  sweeps  are  shown  in  Figs.  31  and  32,  re¬ 
spectively.  A  characteristic  wall  pressure  signa¬ 
ture  (labeled  sig)  is  seen  on  the  chaimels  upstream 
of  the  shock.  Note  that  the  signature  appears  at 
successively  later  times  for  channels  closer  to  the 
shcxJc  and  that  the  signatme  is  coincident  with 
the  shock  foot  at  t  =  0.  Note  also  that  the 
characteristic  signatures  on  the  upstream  chan¬ 
nels  are  different  for  the  different  shock  motions; 
it  is  a  fall-rise-fall  sequence  for  an  upstream  sweep 
and  a  rise-fall-rise  for  a  downstream  sweep.  The 
convection  velocity,  based  on  tracking  the  leading 
peak  of  the  signatures,  is  0.75t/oo.  The  peak-to- 
peak  amplitude  of  the  pressure  signature  is  about 
1.5  percent  of  the  boundary  layer  mean  pres¬ 
sure.  The  pulse  itself  has  a  duration  of  about  75- 
100  /is,  corresponding  to  a  length  scale  of  about 
3.2-4.36i.  McClure  also  noted  that  the  pressure 
signatures  continued  to  move  downstream  after 
passing  through  the  shock;  thus,  they  are  gener¬ 
ated  by  fairly  robust  structures.  In  an  extension 
of  McClure’s  work,  Gramann  and  Dolling  (1992) 
reported  that  these  characteristic  pressure  signa¬ 
tures  could  be  detected  as  far  as  20  boundary  layer 
thicknesses  upstream  of  the  interaction.  Their 
clarity  decrea^  significantly  with  increasing  dis¬ 
tance,  indicative  of  evolving  turbulent  structures. 

McClure  (1992)  and  Gramann  &  Dolling 
(1992)  also  examined  the  relationship  between 
pitot  pressure  fluctuations  in  the  incoming  bound¬ 
ary  layer  tmd  separation  shock  motion.  The  pitot 
probe  tip  was  located  from  0.33  to  1.316i  above 
the  wall  at  13.36i  upstream  of  the  ramp  comer. 
Separation  shock  motion  was  again  used  as  a  trig¬ 
ger  for  extraction  of  ensembles.  The  results  (Figs. 
33  and  34)  showed  no  evidence  of  a  characteristic 
pitot  signal  corresponding  to  specific  shock  mo¬ 
tions.  However,  for  Y/6i  <  0.98,  there  is  a  gen¬ 
eral  decrease  in  pitot  pressure  for  an  upstream 
shock  sweep  and  an  increase  in  pitot  pressure  for  a 
downstream  shock  motion.  Cross-correlations  be¬ 
tween  the  pitot  pressure  signal  and  the  wall  pres¬ 
sure  signal  under  the  unsteady  shock  show^  a 
weak  (but  increasing)  correlation  as  the  probe  tip 
approved  the  wall.  The  power  spectrum  showed 
that  an  increasing  fraction  of  the  overall  signal 
variance  was  generated  by  lower  frequencies  as 
the  wall  is  approached.  At  this  stage,  the  rela¬ 
tionship  between  the  pitot  pressure  fluctuations 
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Fig.  31.  Ensemble-averaged  wall  pressure  histories  for  a  3-channel  downstream  sweep 
(trigger  on  channel  7)  (from  McClure,  1992). 


and  the  shock  motion  is  still  somewhat  confus¬ 
ing.  The  role  that  the  low-frequency  pitot  pres¬ 
sure  fluctuations  have  on  the  shock  motion  is  still 
under  active  investigation. 

Erengil  and  Dolling  (1990,  1991,2)  have  ex¬ 
amined  the  correlations  between  the  separation 
shock  velocity  history  and  wall  pressure  fluctu¬ 
ations  upstream  and  downstream  of  the  inter¬ 
mittent  region.  Results  have  been  obtained  in 
swept  and  unswept  compression  ramp  interac¬ 
tions,  sharp  fln-induced  flows,  and  in  interac¬ 
tions  generated  by  blunt  flns  with  both  swept 
and  unswept  leading  edges.  In  each  flow,  up  to 
eight  wall  pressure  transducers  were  placed  un¬ 
der  the  unsteady  separation  shock.  FYom  analysis 
of  simultaneously  sampled  signals,  the  shock  foot 


history  Xs{t)  was  generated  from  nested  boxcar 
sequences  (Fig.  35).  Linear  interpolation  of  the 
bin  history  yields  a  piecewise  smooth  function  for 
Xs{t).  An  example  of  Xs(t)  over  a  10  ms  time 
interval  is  shown  in  Fig.  36.  The  shock  veloc¬ 
ity  history  is  deduced  by  taking  the  derivative 
of  Xs{t).  The  velocity  history  corresponding  to 
the  position  history  shown  in  Fig.  36  is  shown  in 
Fig.  37.  The  shock  foot  behavior  can  best  be  de¬ 
scribed  as  consisting  of  a  low-frequency  motion 
superposed  on  which  is  a  higher  frequency  jitter. 
These  two  components  appear  to  have  two  differ¬ 
ent  causes,  as  outlined  below.  It  should  be  noted 
that  the  experiments  described  below  are  ongo¬ 
ing,  and  the  results  have  not  been  presented  or 
published.  Pending  presentation/publication,  the 
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Fig.  32.  Ensemble-averaged  wall  pressure  histories  for  a  3-channcl  upstream  sweep 
(trigger  on  channel  7)  (from  McClure,  1992). 

results  should  be  treated  as  tentative.  They  are  the  same  time,  shock  wave  unsteadiness  causes 

reported  here  to  provide  up-to-date  information  fluctuations  in  the  downstream  quantities.  Unlike 

on  current  ideas/approaches  in  imderstanding  the  the  upstream  correlations  which  were  the  same  in 

physical  mechanisms  driving  the  unsteadiness.  all  interactions,  the  downstream  correlations  are 
Cross-correlations  of  the  shock  velocity  his-  qualitatively  similar  but  quantitatively  different 
tory  with  wall  pressure  fluctuations  under  the  in-  different  interactions.  The  correlation  persists 
coming  boundary  layer  have  a  well-defined  peak  for  a  much  longer  time  than  observed  in  the  up- 

at  negative  time.  Thus,  fluctuations  in  Lhe  incom-  stream  correlation.  The  time  span  of  this  longer 

ing  boundary  layer  precede  shock  veiv.'^iiy  fluctu-  period  correlates  well  with  the  characteristic  sep- 

ations.  FHirthermore,  the  same  correlation  was  arated  flow  frequency  of  each  of  the  different  in- 

obtained  in  all  of  the  different  interactions  listed  teractions  (0.5  kHz  for  the  unswept  ramp,  4  kHz 

above,  indicating  that  the  same  physical  mech-  for  the  swept  ramp,  etc.).  Within  this  time  span 

anism  occurs  in  all  flows.  Cross-correlations  of  of  the  correlations,  there  is  in  each  case  a  second 

the  shock  velocity  history  with  wall  pressure  flue-  well-defined  negative  peak  at  negative  time  delay, 

tuations  downstream  of  the  intermittent  region  showing  that  high-frequency  wall  pressure  fluctu- 

are  more  difficult  to  interpret.  This  is  because  ations  under  the  separated  flows  precede  shock 

perturbations  in  the  downstream  flow  may  cer-  velocity  fluctuations. 

tainly  pertiub  the  upstream  shock  wave,  but,  at  These  cross-correlations  and  earlier  work  give 
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Fig.  33.  Ensemble-averaged  pitot  pressures  in  the  incoming  boundary  layer  for  an  up¬ 
stream  shock  sweep  (from  McClure,  1992). 
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Fig.  34.  Ensemble-averaged  pitot  pressures  in  the  incoming  boundary  layer  for  a  down¬ 
stream  shock  sweep  (from  McClure,  1992). 


rise  to  a  tentative  model  in  which  the  separa¬ 
tion  shock  unsteadiness  is  attributed  both  to  per¬ 
turbations  to  the  instantaneous  ratio  of  static 
quantities  across  the  separation  shock  and  by  the 
expansion/contraction  or  pulsation  of  the  sepa¬ 
rated  flow.  High-frequency  perturbations  of  the 
shock  are  driven  by  both  upstream  and  down¬ 
stream  fluctuations;  low-frequency  perturbations 
only  come  from  the  downstream  fluctuations. 
The  implication  is  that  the  large-scale  motion  of 
the  separation  shock  is  caused  by  the  pulsation 
of  the  separated  region  which  occurs  at  differ¬ 
ent  frequencies  for  different  interactions,  whereas 


the  small-scale  motion  of  the  separation  shock 
is  caused  by  the  high-frequency  perturbations  in 
both  upstream  and  downstream  fluctuations  in 
static  quantities  (i.e.,  by  the  passage  of  individual 
turbulent  structures  through  the  shock  wave). 

The  available  data,  direct  and  circumstan¬ 
tial,  suggest  that  it  is  the  turbulent  fluctuations 
close  to  the  shock  which  drive  the  unsteadiness. 
McClure  (1992)  obtained  detailed  correlations  of 
the  flapping  motion  of  the  shear  layer  near  reat¬ 
tachment  with  the  separation  shock  motion.  He 
used  an  event-relative-timing-analysis  (ERTA)  in 
which  histograms  are  constructed  of  the  time- 
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Fig.  35.  Use  of  nested  boxcar 


Fig.  36.  Sample  separation  shock  foot  posi 
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del«y  between  events  near  separation  and  the  flap¬ 
ping  of  the  shear  layer.  No  evidence  was  found 
of  any  feedback  fhxn  the  reattachment  region  to 
the  separation  shock.  Further,  recalling  Sec.  2.1, 
Chapman  et  al.  noted  that,  if  transition  occurred 
between  separation  and  reattachment,  the  shock 
did  not  become  unsteady  until  transition  moved 
close  to  separation.  Thus,  fluctuations  in  the 
vicinity  of  reattachment  appear  to  have  little  ef¬ 
fect  on  the  separation  sho^. 

Brusniak  and  Dolling  (1991,  1992)  have  also 
been  addressing  the  question  of  the  mechanism 
and  have  focused  on  interactions  generated  by 
circular  cylinders  and  blimt  flns.  In  addition  to 
cross-correlations  and  ensemble-averaging  meth¬ 
ods,  a  technique  called  RSED  (Random  Signal 
Event  Detection)  has  been  used  in  conjunction 
with  the  ERTA  method  described  earlier.  The 
RSED  technique  employs  two  wall  transducers 
separated  streamwise  in  the  incoming  boiindary 
layer  to  detect  events  in  the  incoming  flow  which 
are  convected  into  the  interaction.  The  ERTA 
technique  is  then  used  to  generate  a  histogram  of 
the  timing  relationship  between  these  events  and 
specific  separation  shock  motions  further  down¬ 
stream.  Alternatively,  the  two  transducers  can 
be  placed  under  the  separated  flow  to  detect  the 
passage  upstream  of  specific  pressure  fluctuations 
and  then  examine  the  timing  relation  between 
them  and  the  shock  wave  motion.  This  work  is 
ongoing  and  has  not  yet  been  presented  or  pub¬ 
lished.  Results  to  date  have  provided  independent 
confirmation  that  the  shock  foot  responds  to  pres¬ 
sure  fluctuations  under  the  incoming  flow  which 
convect  into  the  interaction.  It  has  also  been 
shown  that  the  sei)aration  shock  motion  is  influ¬ 
enced  by  pressure  variations  under  the  separated 
flow  and  that  events  imder  the  separated  flow  pre¬ 
cede  the  shock  motion.  Moreover,  the  incoming 
turbulent  structures  apparently  affect  the  shock 
motion  twice — first,  when  they  pass  through  the 
separation  shock  and,  second,  after  they  recircu¬ 
late  upstream  from  the  fin  root.  The  latter  ob¬ 
servation  suggests  that  if  the  recirculation  pro¬ 
cess  could  be  altered,  perhaps  by  fin  leading  edge 
geometry  changes,  then  it  might  prove  possible 
to  influence  the  shock  motion.  Some  exploratory 
experiments  along  this  line  have  been  performed 
by  Kleifges  and  Dolling  (1992)  and  are  discussed 
briefly  in  the  following  section. 

5  CONTROL  OF  UNSTEADINESS 

For  obvious,  practical  reasons,  there  has  been  a 
significant  number  of  experimental  and  compu¬ 
tational  studies  focusing  on  interaction  manage¬ 
ment  and  control.  Most  of  these  have  focused  on 


suppression  of  separation,  and  most  have  dealt 
only  with  the  mean  flowfield.  The  large  majority 
of  these  efforts  has  involved  mass  transfer  at  the 
wall  (injection  or  sucti(»i),  with  the  objective  of 
minimizing  the  extent  of  separation.  Settles  and 
Dolling  (1990),  Hamed  and  Shang  (1989),  and 
Viswanath  (1988)  give  overviews  of  the  work  in 
swept  flows  and  other  interactions  relevant  to  su¬ 
personic  inlet  design.  To  the  author’s  knowledge, 
there  have  been  few  st  tidies  of  passive  control  of 
supersoaic/hypersonic  flows.  One  of  the  earliest  is 
probably  that  of  Cooper  and  Korkegi  (1975),  who 
found  that  attempting  “to  reduce  the  size  of  the 
separated  flow  by  channeling  higher  pressure  air 
from  behind  the  separated  region  to  the  bound¬ 
ary  layer  in  front  of  the  region  is  ineffective.”  The 
work  of  Glotov  and  Korontsvit  (1983)  and  Good¬ 
man  et  al.  (1985)  are  two  more  recent  examples. 
Glotov  and  Korontsvit  reduced  the  separated  flow 
scale  of  a  cylinder-induced  interaction  by  placing 
a  vertical  ‘Needle”  in  the  separation.  Goodman 
et  al.  examined  the  effect  of  an  embedded  plate 
placed  parallel  to  the  wall  in  the  outer  portion  of 
the  boundary  layer  in  an  incident  shock  interac¬ 
tion.  If  positioned  to  reflect  the  impinging  shock 
wave  flow,  separation  could  be  eliminated  over  a 
wide  parameter  range. 

Passive  techniques  have  been  more  widely 
studied  in  transonic  flow.  Raghunathan  (1988) 
provides  a  detailed  review  of  recent  work.  There 
have  been  few  studies  foctising  directly  on  control 
of  fluctuating  loads,  and  this  is  a  fruitful  area  for 
future  research.  The  only  studies  known  to  the 
author  are  those  of  Selig  (1988),  Selig  and  Smits 
(1991),  and  McClure  (1992). 

Selig  and  Smits  applied  p)eriodic  blowing  to 
the  boundary  layer  surface  at  various  locations 
within  the  separated  flow  generated  by  a  24-deg. 
compression  ramp  at  Mat^  3.  Blowing  was  ap¬ 
plied  through  a  fiJl  span  slot  at  a  rate  of  either  2.5 
percent  or  9  percent  of  the  freestretun  mass  flux 
at  frequencies  up  to  5  kHz.  Wall  pressure  and 
mass  flux  fluctuation  measurements  were  made; 
stroboscopic  schlieren  videography  was  used  to 
observe  the  unsteady  flowfield.  As  the  slot  was 
moved  closer  to  the  shock  foot,  the  shock  mo¬ 
tion  could  be  locked  in  to  the  blowing  frequency 
and  completely  controlled  by  the  periodic  blow¬ 
ing.  Note,  however,  that  the  mean  shock  loca¬ 
tion  was  shifted  upstream  (i.e.,  extent  of  separa¬ 
tion  increased).  The  rms  levels  in  the  vicinity  of 
the  shock  did  not  change  appreciably,  nor  did  it 
appear  (based  on  the  rms  distributions  shown  in 
Fig.  8  of  Selig  &  Smits)  that  the  length  scale  of 
the  shock  motion  changed.  Both  of  these  findings 
are  consistent  with  the  remark  made  earlier  about 


the  relationship  between  rms  levels  and  separated 
flow  scale. 

Based  on  cross-correlations  and  the  fact  that 
the  shock  moti<»  could  be  controlled  in  this  man¬ 
ner,  Selig  and  Smits  concluded  that  “it  seems 
probable  that  the  unsteadiness  of  the  shock  for  the 
24-d^.  compression  comer  is  partially  driven  by 
large-scale  fluctuations  in  the  separated  region.” 
This  is  entirely  consistent  with  the  model  pro¬ 
posed  in  the  previous  section. 

McClure  (1992)  and  McClxire  &  Dolling  (1991, 
1992)  investigated  the  effects  of  suction  at  reat¬ 
tachment  and  effects  of  boimdary  layer  manip¬ 
ulators  (BLM)  placed  in  the  incoming  bound¬ 
ary  l{^er  on  the  separation  shock  dynamics  in 
a  Madi  5  compression  ramp  interaction.  In  this 
case,  the  BLM’s  were  plates  l.S^i  long,  with  sharp 
leading  and  trailing  e^es  (beveled  at  15  deg.  for 
one  plate  and  35  deg.  for  the  other)  mounted  par¬ 
allel  to  the  test  surface  and  0.7Si  above  it.  The 
BLM  trailing  edge  was  3.2ji  upstream  of  the  ramp 
comer.  To  examine  whether  or  not  the  near  wall 
stmcture  of  the  boundary  layer  influenced  the 
shock  dynamics,  McClure  also  investigated  the  ef¬ 
fects  of  triangular  riblets  with  a  spacing  s'*'  and 
height  h+,  both  equal  to  15  wall  units.  In  brief, 
the  riblets  had  no  measurable  effect  on  the  sep¬ 
aration  shock  dynamics.  The  BLMs  reduced  the 
length  of  separation  (defined  as  the  distance  from 
the  ramp  comer  to  the  downstream  limit  of  the 
separation  shock  motion)  by  33-45  percent  and 
reduced  the  streamwise  extent  of  the  separation 
shock  motion  by  36-74  percent.  The  physical 
cause  is  not  entirely  clear  and  could  be  due  to 
the  inviscid  pretuming  of  the  flow  by  the  BLM 
(hence  weakening  the  interaction)  and  not  due  to 
changes  in  boundary  layer  structure.  Further  in¬ 
vestigation  is  needed  to  clarify  this  issue. 

Donovan  (1992)  has  studied  the  effects  of  tan¬ 
gential  mass  injection  on  a  nominally  2-D  incident 
shock  wave/turbulent  boundary  layer  interaction. 
The  Mach  number  was  3.4.  The  injection  jet  was 
one  third  of  the  height  of  the  upstream  boimdary 
layer  and  was  operated  to  provide  ideal  expan¬ 
sion  to  Mach  3.4  at  the  exit.  The  wedge  angles 
were  5  deg.,  8  deg.  (incipient  separation),  10  deg., 
and  12  deg.  A  video-schlieren  system  provided 
a  qualitative  record  of  the  unsteadiness.  Without 
injection,  there  was  significant  unsteadiness  of  the 
compression  system  at  10  and  12  deg.  Not  only 
was  there  a  significant  reduction  (by  factors  of 
4.7  and  5.5  at  10  deg.  and  12  deg.,  respectively) 
in  separation  bubble  length  with  injection,  but 
“no  fluctuations  in  any  of  the  compression  system 
were  detected.” 

McCormick  (1992)  has  examined  the  effects  of 


low-profile  vortex  generators  and  a  passive  cavity 
on  the  interaction  generated  by  a  normal  shock 
wave  in  an  axisymmetric  tunnel  at  Mach  num¬ 
bers  of  1.5fr-1.65.  A  large  separation  bubble  was 
generated.  The  vortex  generators  produced  sig¬ 
nificant  suppression  of  separation,  reducing  the 
overall  interaction  length  from  about  57  to  23^o. 
No  fluctuating  loads  data  were  obtained,  but,  if 
significantly  reduced  separated  flow  length  scales 
can  be  obtained,  then  the  loading  levels  near  sep¬ 
aration  can  probably  be  reduced.  However,  it 
is  possible  that,  with  steeper  pressure  gradients 
near  reattachment,  the  loeuiing  levels  there  may 
increase. 

6  IMPLICATIONS  OF 

UNSTEADINESS  FOR  CFD 

Accurate  predictions  of  the  effects  of  shock  wave 
turbulent  boundary  layer  interactions  are  of  par¬ 
ticular  importance  in  the  design  of  supersonic  and 
hypersonic  vehicles.  With  increased  reliance  on 
computation,  it  is  critical  that  the  predictions 
are  accurate.  Thus,  it  is  imperative  that  such 
codes  be  validated  and  calibrated  and  deficiencies 
be  identified  and  rectified.  For  an  overview  on 
progress  in  this  area,  the  reader  is  referred  to  the 
January  and  Febmary  1992  editions  of  Aerospace 
America  (a  publication  of  the  American  Insti¬ 
tute  of  Aeronautics  and  Astronautics)  which  were 
largely  devoted  to  “a  perspective  on  aerospace 
computational  fluid  dynamics.”  Articles  authored 
by  both  practitioners  and  program  managers  dis¬ 
cussed  the  military,  industrial,  and  academic  per¬ 
spectives  of  CFD,  not  only  in  terms  of  the  techni¬ 
cal  challenges,  but  also  in  terms  of  the  economic 
and  political  issues.  The  objective  of  the  current 
few  remarks  can  probably  best  be  introduced  by 
extracting  a  few  sentences  from  one  of  these  re¬ 
cent  articles.  The  author  is  Professor  A.  Jameson 
of  Princeton  University,  New  Jersey,  who  writes: 
“Code  validation  is  increasingly  being  recognized 
as  being  vital  to  raising  confidence  in  CFD  use. 
In  considering  this  requirement,  it  is  important 
to  distinguish  between  the  correctness  of  the  pro¬ 
gram  and  the  suitability  of  the  math  model  to 
the  application.  Simply  comparing  experimental 
data  with  numerical  results  provides  no  way  to  dis¬ 
tinguish  the  source  of  the  discrepancies,  whether 
they  are  due  to  faulty  numerical  approximation  or 
programming,  or  to  deviations  between  the  math 
model  and  the  true  physics.”  (text  italicized  by 
current  author)  The  difficulty  of  determining  the 
deviation  between  the  “math  model  and  the  true 
physics”  is  the  focus  of  this  section.  It  is  suggested 
that  a  “fundamental  deviation  between  the  math 
model  and  the  true  physics,”  namely  the  global 
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unsteadiness  of  the  experimental  ilowfield,  which 
is  not  modelled  numerically,  may  be  a  major  con¬ 
tributor  to  the  discrepancies  between  computa¬ 
tion  and  experiment. 

6.1  Comparisons  of  Computation  with 
Ebcperiment — Surface  Properties 

Figure  38  shows  comparisons  of  the  normalized 
wall  pressure  from  computations  and  experiment 
for  turbulent  flow  over  a  34-deg.  compression 
ramp  at  Mach  9.22.  The  data  are  those  of  Cole¬ 
man  (1973)  and  Coleman  and  Stollery  (1972),  and 
the  computations  were  made  by  florstman  (1987) 
using  the  fc-c,  Cebeci-Smith,  and  Baldwin-Lomax 
turbulence  models.  The  computations  employ 
the  time-dependent,  mass-weighted,  Reynolds- 
averaged,  Navier-Stokes  equations  for  2-D  flow 
and  are  solved  using  the  MacCormack  explicit- 
imp’*cit,  second  order  predictor-corrector,  finite 
volume  method.  The  purpose  of  Horstman’s 
study  was  to  assess  how  well  these  turbulence 
models,  which  have  been  widely  used  in  transonic 
and  supersonic  flows,  fare  in  hypersonic  flows.  It 
was  not  assumed  a  priori  that  they  were  suitable 
for  hypersonic  flow.  Indeed,  as  indicated  on  the 
figure,  modifications  were  made  to  the  k-t  model 
to  include  hypersonic  effects.  The  modifications, 
indicated  in  the  legend  of  Fig.  38,  are  as  follows: 


Fig.  38.  Normalized  wall  pressure  distributions 
in  a  compression  ramp  flow  [Moo  ~  9.22,  a  =  34 
deg.,  data  of  Coleman  (1973)  and  Coleman  and 
Stollery  (1972)].  Figure  from  Horstman  (1987). 


(i)  Mod  A  -  a  correction  to  the  e  equation  to  ac¬ 
count  for  the  effect  of  rapid  compression  on  the 
turbulent  length  scale;  (ii)  Mod  B  -  corrections 
to  both  the  k  and  e  equations  to  model  the  addi¬ 
tional  terms  which  appear  after  mass-averaging; 
and  (iii)  Mod  C  -  a  correction  to  the  turbulent 
stress  terms  for  the  density  fluctuations.  Details 
of  each  correction  and  its  implementation  can  be 
found  in  Horstman  (1987). 

Before  conunenting  on  Fig.  38,  one  further 
set  of  comparisons  is  shown  in  Fig.  39.  'Fhis 
figure  shows  comparisons  of  the  same  numerical 
approaches  with  the  Mach  11.3  data  of  Holden 
(1984).  In  this  case  the  Ilowfield  is  generated  by 
an  incident  shock  wave  generated  by  a  wedge.  In 
both  the  Mach  9  and  1 1  experiments,  the  wail 
temperature  ratios  are  similar  {T^/Tq  =  0.28  and 
0.19,  respectively)  and  the  Reynold  numbers  dif¬ 
fer  only  by  a  factor  of  two.  In  both  cases,  it  can 
be  seen  that  the  major  discrepancies  occur  up¬ 
stream  of  the  ramp  comer.  In  Fig.  38  the  Cebeci- 
Smith  model  predicts  the  wall  pressure  distribu¬ 
tion  quite  well.  The  k<  model  underpredicts  the 
upstream  influence,  whereas  with  Mods  A,  B,  and 
C  it  is  overpredicted.  In  contrast,  at  Mach  11 
(F'ig.  39)  the  Cebeci-Smith  (and  k-t)  models  are 
now  the  worst,  and  the  k-t  with  Mod  C  does  the 
best.  In  fact,  none  of  these  predictions  can  be 


Fig.  39.  Normalized  wall  pressure  distribu¬ 
tions  in  incident  shock  wave  interaction  (Moo 
=  11.33,  8  =  15  deg.,  data  of  Holden  (1984)]. 
Figure  from  Horstman  (1987). 
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considered  satisfactory  upstream  of  the  corner  for 
the  Mach  1 1  flow. 

HcHstman  (1987)  states,  “Two  features  of 
shock  wave  boundary  layer  interaction  flows 
which  are  probably  of  most  interest  to  the  de¬ 
signer  are  the  maximum  heat  transfer  near  reat¬ 
tachment  and  the  length  of  the  separation  zone." 
Comparisons  of  the  measured  and  predicted  val¬ 
ues  of  (9niKx/9oo)  and  the  separation  locations  are 
shown  in  Figs.  40  and  41,  respectively,  for  the 
Mach  9.22  compression  ramp  experiment.  Note 
that  the  vertic^  axis  in  Fig.  40  is  logarithmic. 
The  fc-c  model  and  modifications  do  not  even  pre¬ 
dict  the  right  trend  of  {qmax/Qoo)  with  a.  The 
algebraic  models  predict  the  trend  with  a  bet¬ 
ter  but  underpredict  the  separated  cases  (a  >  30 
deg.).  Figure  41  shows  that  the  trends  for  the 
separation  location  are  generally  correct  for  all 
models,  but  only  the  Cebeci-Smith  model  pre¬ 
dicts  the  values  quantitatively.  That  the  latter 
result  is  probably  fortuitous  is  evident  in  Fig.  42, 
which  shows  similar  comparisons  at  Mach  11.  In 
this  case,  the  Cebeci-Smith  model  is  the  worst. 
It  is  not  just  the  maximum  heating  rate  in  the 
compression  ramp  interaction  that  is  inadequately 
captured  by  any  of  the  codes.  The  shape  of  the 
heat  transfer  rate  throughout  the  interaction  is 
also  poorly  predicted.  The  same  remark  applies 
to  the  heat  transfer  rate  distribution  in  the  inci¬ 
dent  shock  wave  experiment  of  Holden. 


or.  deg 

Fig.  40.  Mach  9.22  compression  ramp  inter¬ 
action:  comparison  of  computed  and  exper¬ 
imental  maximum  heat  transfer  rates  [from 
Horstman  (1987)]. 
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Fig.  41.  Mach  9.22  compression  ramp  inter¬ 
action:  comparison  of  computed  and  exper¬ 
imental  separation  locations  (from  Horstman 
(1987)]. 

Horstman  also  points  out  that;  “Experi¬ 
menters  have  observ^  large  unsteadiness  for  sep¬ 
arated  supersonic  shock  wave  turbulent  bound¬ 
ary  layer  interaction  flows.  There  is  no  reason 
to  doubt  that  unsteadiness  is  also  present  for  the 
hypersonic  test  flows  considered  here.  These  un¬ 
steady  effects  can  at  times  dominate  the  flow- 
field.”  He  also  pointed  out  that  “the  computa¬ 
tions  show  no  sign  of  unsteadiness.  There  is  also 
no  apparent  mechanism  in  the  present  day  eddy 
viscosity  models  for  the  observed  unsteadiness. 
This  may  be  an  important  factor  that  contributes 
to  the  discrepancies  between  the  predicted  and 
measured  results.” 

The  present  author  believes  that  the  unsteadi¬ 
ness  is  indeed  an  important  factor  that  con¬ 
tributes  to  the  discrepancies  between  experiment 
and  CFD,  and  that  flowfieids  of  this  type  cannot 
be  understood  in  terms  of  mean  measurements 
alone.  Without  imderstanding  the  dynamics  of 
these  flowfieids,  comparisons  of  mean  surface  and 
flowfield  measurements  with  computations  can 
lead  to  very  misleading  conclusions  about  a  given 
algorithm  or  turbulence  model.  These  statements 
are  based  on  what  is  known  of  the  unsteadiness 
of  similar  interactions  at  lower  Mach  numbers  and 
which  has  been  reported  in  earlier  sections  of  this 
paper. 
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Fig.  42.  Mach  11.3  incident  shock  wave  inter¬ 
action:  comparison  of  computed  and  exper¬ 
imental  separation  locations  (from  Horstman 
(1987)1. 

Numerous  computations,  using  a  variety  of 
turbulence  models,  have  also  been  made  of  the 
24-deg.  Mach  3  unswept  compression  ramp  exper¬ 
iment  of  Settles  (1975).  Four  sets  of  computed 
pressure  distributions  ior  this  flow  are  shown  in 
Fig.  43.  Similar  to  the  hypersonic  results  of  Figs. 
38  and  39,  the  major  discrepancies  are  upstream 
of  the  comer.  Figure  43a  shows  those  calculated 
by  Viegat>  and  Horstman  (1979)  using  turbulence 
models  available  in  1979;  Fig.  '<3b  shows  these 
calculated  by  Viegas  et  al.  (1985)  using  the  k- 
e  model  and  employing  both  wall  functions  and 
integration  to  the  wall  (The  experimental  data 
of  Dolling  and  Murphy  (1983)  are  also  shown  in 
Fig.  43b.  These  data  are  time-averages  of  fluc¬ 
tuating  wall  pressure  signals  rather  than  single 
value  mean  measurements  from  scani-valves,  as 
obtained  by  Settles.);  Fig.  43c  shows  the  results  of 
Champney  (1989),  using  more  recent  turbulence 
models;  while  Fig.  43d  shows  the  most  recent 
computations  by  Wilcox  (1990),  using  his  new 
“multi-scale”  model  and  the  fc-a;  model.  Champ- 
ney’s  work  includes  calculations  made  using  the 
turbulence  model  of  Mansour  and  Shih,  which 
was  derived  from  direct  simulation  data  for  a 
chaimel  flow  and  applied  for  the  first  time  to  a 
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Fig.  43.  Measured  and  computed  wall  pressure 
distributions  in  a  24-deg.,  Mach  3  compres¬ 
sion  ramp  interaction:  a)  Viegas  and  Horstman 
(1979);  b)  Viegas,  Rubesin  and  Horstman 
(1985);  c)  Champney  (1989);  d)  Wilcox  (1990). 
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Fig.  44.  Ensemble-averaged  wall  pressures  up¬ 
stream  of  the  corner  in  a  28-deg.,  Mach  5  com¬ 
pression  ramp  interaction  [from  Erengil  and 
Dolling  (1991,1)]. 

compressible  flow  by  Champney.  The  computa¬ 
tions  share  certain  common  features— a  generally 
steeper  pressure  gradient  up  through  separation 
to  the  comer  and  a  higher  “plateau”  level  up¬ 
stream  of  the  corner  than  in  the  experiment.  The 
k-(j  model  of  Fig.  43d  is  an  exception  to  the  lat¬ 
ter  and  predicts  the  plateau  pressure  fairly  well, 
but  the  upstream  influence  is  substantially  un- 
derpredict^.  Of  all  the  computations,  Wilcox’s 
“multi-scale”  model  is  superior;  both  upstream 
influence  and  plateau  pressure  levels  are  predicted 
quite  well.  The  multi-scale  model  employs  a  phys¬ 
ically  more  realistic  description  of  the  Reynolds 
stress  tensor  which  probably  partly  responsible 
for  the  overall  improved  comparison  with  the  ex¬ 
periment.  However,  neither  the  multi-scale  model 
nor  any  of  the  other  methods  model  the  low  fre¬ 
quency  unsteadiness  of  the  separated  flowfleld.  In 
this  sense,  as  will  be  discuss^  later,  the  match¬ 
ing  of  the  upstream  influence  by  the  multi-scale 
model  can  only  be  considered  as  fortuitous. 

6.2  Implications  of  Unsteadiness  for  Com¬ 
putation  of  Surface  Properties 

It  was  stated  earlier  (Sec.  2.2)  that  Erengil 
and  Dolling  obtained  ensemble-averaged  pres¬ 


sures  Pe/a  fron*  the  separation  shock  foot  to  the 
comer  in  a  Mach  5  compression  ramp  interaction. 
These  distributions  were  generated  by  “freezing” 
the  shock  at  various  positions  in  the  intermittent 
region  and  are  plotted  vs.  X/6o  in  Fig.  44.  In 
the  schematic  at  the  top  of  the  figure,  filled  mark¬ 
ers  shown  an  example  of  four  simultaneously  sam¬ 
pled  transducer  positions.  (The  “crossed”  mark¬ 
ers  indicate  the  other  positions  at  which  ensemble- 
averaged  pressures  were  obtained.)  The  symbol 
n  represents  thf  position  of  the  shock  in  the  in¬ 
termittent  region,  and  i  is  used  to  indicate  the 
uistance  from  the  fool  of  the  separr  lion  shock  to 
the  position  of  interest.  The  solid  line  in  the  Fig. 
44  is  the  mean  pressure  distribution,  bjach  one 
of  the  dashed-line  curves  was  generated  by  freez¬ 
ing  the  shock  at  a  given  position  in  the  intermit¬ 
tent  region  as  it  moved  upstream  and  ensemble¬ 
averaging  on  each  of  the  downstream  channels. 

Three  features  are  evident.  First,  Pe/a 
ill  the  separated  flow  within  about  l^o  up¬ 
stream  of  the  ramp  corner  is  relatively  insen¬ 
sitive  to  the  shock  position  in  the  intermit¬ 
tent  region.  Second,  for  the  “shock-upstream” 
case,  the  ensemble-averaged  pressure  distribu¬ 
tion  has  a  well-defined  plateau  region,  consistent 
with  a  large-scale  separated  flow.  As  the  shock 
moves  toward  its  most  downstream  position,  the 
ensemble-averaged  pressure  distribution  progres¬ 
sively  changes,  finally  resembling  that  typical  of 
a  small-scale  separated  flow.  The  data  presented 
are  for  upstream  motion  of  the  separation  shock; 
similar  results  were  obtained  for  downstream  mo¬ 
tion  as  well. 

These  results  show  clearly  how  the  time- 
averaged  results  are  generated.  As  noted  earlier, 
it  is  the  occasional  presence  of  the  unsteady  shock 
at  the  upstream  influence  line  (UI)  which  first  in¬ 
creases  the  mean  wall  pressure  above  the  undis¬ 
turbed  value.  Most  of  the  time  the  pressure  at  UI 
is  within  the  undisturbed  range  typical  of  the  in¬ 
coming  boundary  layer.  The  mean  pressure  rises 
downstream  of  UI  l^ause  the  translating  shock 
spends  an  increasing  amoimt  of  time  upstream  of 
stations  nearer  the  separation  line.  What  is,  in  an 
instantaneous  snapshot,  an  abrupt  pressure  rise 
across  the  separation  shock,  is  smeared  out  from 
UI  to  S  in  the  time-averaged  picture  by  the  shock 
motion. 

Modeling  the  flowfleld  with  a  stationary  sepa¬ 
ration  shock  cannot  simultaneously  generate  the 
correct  upstream  influence  (as  usually  defined) 
and  the  correct  time-averaged  wall  pressure.  Even 
if  the  upstream  influence  matches  the  experiment 
(as  it  does  in  several  of  the  computations  in  Fig. 
43),  the  pressure  distribution  is  generally  incor- 
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reel.  This  is  because  the  stationary  shock  model 
essentially  produces  an  instantaneous  snapshot  of 
the  flowfield  (i.e.,  one  of  the  “shock  frozen”  dis¬ 
tributions  of  Fig.  44).  In  the  case  just  cited, 
the  separation  shock  is  close  to  the  experimental 
upstream  influence  line.  In  the  experiment,  the 
mean  pressure  at  any  given  point  is  the  weighted 
average  of  a  series  of  instantaneous  flowfields,  each 
for  the  separation  shock  at  a  different  stream- 
wise  position.  This  is  evident  from  Fig.  44,  which 
showed  ensemble-averaged  streamwise  pressures, 
Pei  A'  from  the  shock  foot  to  the  ramp  comer, 
generated  by  “freezing”  the  separation  shock  at 
various  positions  in  the  intermittent  region.  Mean 
surface  properties  in  an  unsteady  tlowfield  can¬ 
not  be  reproduced  by  a  model  in  which  the  shock 
(even  if  successfully  modeled  as  a  discontinuity) 
is  stationary.  The  only  way  in  which  both  the 
correct  upstream  influence  and  pressure  distribu¬ 
tion  can  be  generated  is  to  include  the  translating 
shock  front  in  the  modeling.  Time-averaging  the 
computed  wall  pressures  over  many  time  steps  (as 
is  actually  done  in  either  digital  or  analog  fashion 
in  the  experiment)  should  substantially  imp^ve 
the  comparison  with  experiment,  irrespective  of 
the  turbulence  model. 

6.3  Comparison  of  Computation  with 
FiXperiment — Velocity  Profiles 

Wilcox  also  shows  comparisons  of  the  mean  \  . 
locity  profiles  in  the  Mach  3,  24-deg.  compres¬ 
sion  ramp  interaction,  with  predictions  from  the 
k-<jJ  and  multi-scale  turbulen-e  models.  Exam¬ 
ples  are  shown  in  Fig.  45.  Downstream  o*^  the 
comer  {o/6o  =  0.44  to  6.*  "^),  the  experimental 
data  are  much  fuller  than  the  computations  be¬ 
low  yj6  of  about  0.4.  Wilcox  also  computed  the 
outgoing  mean  velocity  profiles  for  Brown’s  ex¬ 
periment  (1980)  of  Mach  2.85  flow  into  a  30-deg. 
axisymmetric  compression  corner.  These  results 
are  shown  in  Fig.  46.  Again,  below  i//6o  of  about 
0.4,  the  measured  profiles  are  much  fuller  than  the 
computed  profiles. 

It  was  mentioned  earlier  that  McClure  and 
Dolling  have  exam?’’'-  ’  how  the  outgoing  mean 
pitot  pressure  prof.  are  actually  generated  in 
a  Mach  5,  28-deg.  compression  ramp  interaction. 
Three  cases  were  studied:  (i)  ramp  with  suction 
applied  along  a  6mm-long  slot  spanning  the  ramp 
near  the  reattachment;  (ii)  ramp  with  suction 
slot  exposed  to  the  flow  but  without  suction  ap¬ 
plied;  (iii)  baseline  case  (i.e.,  no  slot  or  suction). 
Measurements  were  .nade  using  (i)  a  conventional 
pitot  probe  with  a  flattened  tip  (0.64  mm  x  2.1 
mm)  with  about  50  cm  of  pressure  tubing  between 
the  probe  tip  and  the  pressure  transducer,  and 
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Fig.  45.  Measured  and  computed  mean  velocity 
profiles  downstream  of  the  corner  in  a  24-deg., 
Mach  3  compression  ramp  interaction  [from 
Wilcox  (1990)]. 

(ii)  a  pitot  probe  with  a  single  Kulite  Model  XCQ- 
062-100yl  miniature  pressure  transducer  project¬ 
ing  upstream  of  the  tip.  The  frequency  response 
of  the  Kulite  probe  was  about  50  kHz. 

Results  from  the  mean  and  fluctuating  pitot 
surveys  at  four  stations  downst.foarn  of  the  corner 
are  shown  in  Fig.  47  for  the  ba.seline  and  suc¬ 
tion  cases.  Note  that  z  is  measured  perpendic¬ 
ular  to  the  ramp  face.  The  solid  lines  are  the 
mean  profiles  from  the  conventional  probe.  The 
dashed  lines  are  “frozen”  pitot  profiles.  “Frozen” 
profiles  were  obtained  by  averaging  pitot  pressure 
values  only  'or  the  condition  when  the  upstream 
separation  shock  was  located  between  two  spec¬ 
ified  surface  transducers.  The  intermitiencies  of 
the  surface  transducer  pair  used  are  indicated  in 
the  figure  keys.  The  two  positior’s  correspond  to 
the  saparatlon  shock  far  “upstream”  and  “down¬ 
stream.”  Also  indica^  1  is  the  mean  value  from 
the  fluctuating  n.easurements. 

Comparison  of  the  mean  pitot  pressure  values 


iiig  signal.  Kxamination  of  the  probability  den- 


Fig.  46.  Measured  and  computed  mean  veloc¬ 
ity  profiles  downstream  of  the  corner  in  a  30- 
deg.,  Mach  2.85  axisymmetric  ramp  flow  [from 
Wilcox  (1990)]. 

obtained  from  the  conventional  pitot  probe  with 
mean  values  from  the  fluctuating  pitot  pressure 
signal  shows  differences  at  each  station.  The  dif¬ 
ferences  have  three  possible  causes.  First,  slight 
shifts  in  survey  position  show  up  as  differences  in 
pitot  pressure.  These  differences  should  vary  from 
ramp  station  to  station  but  would  be  consistent 
for  a  given  station.  It  is  estimated  that  stream- 
wise  probe  placement  for  a  given  ramp  position 
varied  by  less  than  0.06^  between  conventional 
and  fluctuating  runs,  and  so  should  contribute 
only  very  slightly  to  Pt  discrepancies.  This  fK)s- 
sibility  can  therefore  be  disregarded.  Second,  the 
diameter  of  the  fluctuating  probe  “tip”  was  2.5 
times  greater  than  the  conventional  probe  height, 
which  would  tend  to  integrate  Pt  over  a  larger 
distance  and  hence  contribute  to  differences,  par¬ 
ticularly  in  regions  of  large  gradients.  It  is  prob¬ 
able  that  this  integration  has  some  effect.  The 
third  cause,  which  is  almost  certainly  the  ma¬ 
jor  contributor,  is  the  skewness  of  the  fluctuat- 


sity  distributions  (pdd’s)  for  the  fluctuating  pitot 
signals  indicated  that,  close  to  the  ramp  surface 
(<  0.66o),  the  pdd’s  had  positive  skewness  and,  in 
some  cases,  exhibited  a  bimodal  shape  with  very 
large  separation  between  peak  values  (~  32  psi). 
Under  conditions  where  the  probability  density 
values  of  these  peaks  were  sufficiently  different, 
the  conventional  pitot  reading  was  higher  than  the 
mean  of  the  fluctuations.  Fig.  48  shows  this  effect 
for  the  data  set  with  the  largest  disagreement, 
the  suction  survey  at  ZJfio  —  1.45.  The  accom¬ 
panying  probability  distributions  for  the  fluctuat¬ 
ing  pitot  pressure  clearly  show  that  the  conven¬ 
tional  pitot  probe  measurement  is  biased  toward 
the  higher  mode  in  the  fluctuating  pitot  pressure 
data  for  Zjbo  <  0.43.  This  behavior  reverses, 
though,  for  Z/6o  —  0.58,  where  the  probability 
density  of  the  lower  mode  is  six  times  greater  than 
that  of  the  higher  mode.  The  50  cm  of  tubing 
between  the  orifice  and  pressure  transducer  for 
the  conventional  pitot  probe  behaves  as  a  pres¬ 
sure  sensitive  filter  with  an  output  dependent  on 
the  nature  of  the  fluctuations  (i.e.,  frequency  and 
amplitude  content). 

In  the  experiments  used  for  comparison  with 
computation  shown  earlier,  the  pitot  profiles  from 
which  mean  velocity  profiles  were  calculated  were 
obtained  using  conventional  probes.  It  is  almost 
certain  that  these  profiles  are  fuller  than  would 
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Fig.  47.  Measured  and  computed  mean  velocity 
profiles  downstream  of  the  corner  in  a  20-deg., 
Mach  2.8  compression  corner  interaction  [from 
Viegas,  Rubesin  and  Horstman  (1985)]. 
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Fig.  48.  Results  from  mean  and  fluctuating  pitot  surveys  downstream  of  the  corner  in  a 
28>deg.,  Mach  5  compression  ramp  interaction:  a)  baseline;  b)  ramp  with  suction  [from 
McClure  &  Dolling  (1991)). 


be  obt*uned  by  time-averaging  the  corresponding 
fluctuating  pitot  pressure  signals.  If  the  mean 
velocity  profile  was  computed  using  the  mean  of 
the  fluctuating  signal  rather  than  the  single  time- 
averaged  value  from  the  conventional  probe,  the 
profiles  would  be  much  less  full  near  the  wall  and 
would  probably  agree  better  with  the  computa¬ 
tions. 

6.4  Concluding  Rjemarks 

It  is  clear  that  the  measured  mean  surface  and 
flowfield  properties  are  controlled  by  the  flowfield 
unsteadiness.  The  discrepancies  between  the  pre¬ 
dicted  and  measured  properties  are  almost  cer¬ 
tainly  not  just  due  to  inadequate  turbulence  mod¬ 
eling,  but  also  due  to  neglect  of  the  unsteadiness 
in  the  modeling.  Without  modeling  the  unsteadi¬ 
ness,  it  is  unlikely  that  the  codes  can  reproduce 
correct  mean  property  distributions.  For  flows  of 
this  type,  it  is  felt  that  equal  emphasis  should  be 
placed  on  developing  methods  capable  of  model¬ 
ing  the  unsteadiness  as  is  placed  on  turbulence 
modeling. 


7  FUTURE  WORK 

Some  suggestions  as  to  the  direction  of  fu¬ 
ture  work  are  given  below.  The  list  is  by  no 
means  exhaustive  and  focuses  on  control  of  un¬ 
steadiness,  the  development  of  better  correla¬ 
tion/prediction  schemes,  additional  experiments 
to  confirm/discover  causes  of  unsteadiness,  and 
some  remarks  on  the  computation  of  unsteady 
flows. 

(i)  Control  of  flowfield  unsteadiness,  particu¬ 
larly  unsteady  shocks  with  their  attendant 
large  amplitude  loads,  is  a  goal  with  signif¬ 
icant  practical  returns.  In  the  near  term, 
however,  a  more  realistic  objective  might  be 
to  develop  methods  to  influence  unsteadi¬ 
ness  favorably.  Favorably  implies  reducing 
peak  loading  levels,  reducing  the  surface 
area  exposed  to  high  loads  (i.e.,  reduce  the 
length  scale  of  shock  motion),  and  develop¬ 
ing  means  to  shift  shock  frequencies  out  of 
one  range  and  into  another.  Evidence  exists 
that  frequency  shifts  can  be  achieved  using 


active  means,  but  these  are  likely  to  be  com¬ 
plex,  expensive,  and  bulky.  Attention  should 
initially  be  focused  on  passive  means. 

(ii)  There  now  exists,  in  the  literature,  a  fairly 
large  volume  of  fluctuating  loads  data  for 
several  different  geometries.  The  range  of 
flow  conditions  is  fairly  narrow  but  is  proba¬ 
bly  sufficient  to  begin  the  development  of  en¬ 
gineering  correlation  and  prediction  schemes 
for  loading  levels  and  spectra.  In  the  past, 
much  of  the  effort  has  b^n  devoted  to  deter¬ 
mining  flowlield  physics,  and  relatively  little 
attention  has  been  give  to  correlating  the  re¬ 
sults  and  developing  easy-to-use  prediction 
methods.  It  is  probably  an  appropriate  time 
to  begin  such  work  in  earnest.  Correlations 
which  relate  fluctuating  load  levels  to  local 
mean  levels  would  be  the  most  useful.  There 
exists  a  large  amount  of  mean  flow  data 
for  many  configurations  over  a  wide  range 
of  flow  conditions;  thus,  the  mean  proper¬ 
ties  of  many  flows  are  already  known.  Fur¬ 
ther,  computational  fluid  dynamics  is  able, 
in  many  cases,  to  predict  mean  wall  pres¬ 
sures  accurately.  Such  an  effort  might  also 
identify  those  flow  regimes  in  which  more 
data  are  required. 

(lii)  Additional  experiments  are  needed  to  con¬ 
firm  the  physical  mechanisms  described  In 
this  paper  and  to  examine  their  validity.  An 
optimum  approach  might  combine  full  flow- 
held  visualization  with  quantitative  mea¬ 
surements  in  the  incoming  and  perturbed 
flows.  As  an  example,  specific  large-scale 
turbulent  structures  entering  the  flow  could 
he  detected  5-10^o  upstream  of  the  interac¬ 
tion  using  an  array  of  hot  wires  and,  after  an 
appropriate  delay,  dual  or  multi-pulse  flow- 
field  images  obtained  to  show  the  response 
of  the  shock/intcraction  to  the  passage  of 
the  structure.  Such  experiments  would  show 
directly  and  visually  what  must  now  be  de¬ 
duced  from  conditional  sampling  techniques. 

(iv)  New  efforts  should  be  directed  toward  de¬ 
veloping  computational  methods  for  mod¬ 
eling  unsteady  flowfields.  Real  time,  fully 
3-D,  turbulent  Navier-Stokes  computations 
on  a  routine  basis  for  engineering  prediction 
are  still  in  the  distant  future.  A  relevant 
question  is  whether  simpler  approaches  can 
developed  which  model  the  essential  fea¬ 
tures  of  the  unsteadiness.  Can  methods  be 
developed  which  employ  unsteady  boundary 
conditions  whose  details  are  obtained  from 
experiment?  Would  such  an  approach  yield 


an  unsteady  flowfield  whose  time-averaged 
surface  properties  matched  experiment  and 
from  which  approximate  estimates  of  fluctu¬ 
ating  load  levels  could  be  deduced?  The  au¬ 
thor  feels  that,  with  the  availability  of  paral¬ 
lel  computers,  this  is  a  field  ripe  for  exploita¬ 
tion  by  the  CFD  community. 

8  ACKNOWLEDGMENTS 

Much  of  the  work  cited  here  was  conducted  by  the 
author,  his  colleagues,  and  his  graduate  students, 
and  was  supported  by  AFOSR  (monitored  by  Dr. 
L.  Sakell),  by  ARO  (monitored  by  Dr.  T.  Doligal- 
ski),  by  NASA  Lewis  (monitored  by  W.  Hingst), 
and  by  NASA  Langley  (monitored  by  Dr.  W.  Zo- 
rumski).  Additional  support  was  received  from 
the  Center  of  Hypersonics  Training  and  Research 
supported  by  NASA  (monitored  by  S.  Wander). 
These  sources  of  support  are  gratefully  acknowl¬ 
edged. 


Fig.  49.  Comparison  of  mean  values  from  fluc¬ 
tuating  and  conventional  mean  pitot  surveys 
[from  McClure  &  Dolling  (1991)]. 
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APPENDIX 

Physical  Interpretation  of  Separation 
Lines  from  Surface  TVacer  Patterns 

Surface  tracer  techniques  are  widely  used  to  lo¬ 
cate  separation  lines.  They  are  relatively  easy  to 
use  and  produce  highly  defined,  repeatable  sep¬ 
aration  lines.  In  the  case  of  the  kerosene  lamp¬ 
black  method,  the  pattern  is  lifted  off  the  surface 
on  large  sheets  of  transparent  tape,  and  full-scale, 
undistorted  records  are  obtained.  Since  wall  pres¬ 
sure  signals  show  clearly  that  the  separation  shock 
wave  moves  well  upstream  of  “5,”  the  question  of 
the  physical  meaning  of  “5”  arises. 

This  question  has  been  addressed  by  Gramann 
and  Dolling  (1988).  Two  pressure  transducers 
with  fixed  streamwise  separation  were  placed  at 
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different  positions  in  the  intermittent  region  up¬ 
stream  of  a  circular  cylinder.  The  Mach  number 
was  5.  Blocks  of  data  corresponding  to  flow  dotm- 
stream  of  the  instantaneons  shock  wave  were  ex¬ 
tracted  and  cToas-correlated.  Cross-correlations 
at  all  of  the  statims  in  the  intermittent  region 
were  eraentially  the  same  as  those  measured  down¬ 
stream  of  "S"  where  the  flow  is  always  sepa¬ 
rated.  Maxima  in  the  cross-correlation  coeffi¬ 
cient  at  both  positive  and  negative  time  delays 
occurred  at  the  same  time,  no  matter  where  the 
transducer  pair  was  located  in  the  intermittent  re¬ 
gion.  The  results  show  that  separation  occurs  at, 
or  just  downstream  of,  the  instantaneous  shock 
position  and  undergoes  the  same  large-scale,  low- 
frequency  motion  as  the  separation  shock  wave. 
Similar  results  have  been  obtained  in  a  Mach  5 
compressicn  ramp  flow.  Thus  the  separation  line 
indicated  by  surface  tracers  is  actually  the  down¬ 
stream  boundary  of  a  region  of  intermittent  sep¬ 
aration. 

A  plausible  physical  explanation  for  the  lat¬ 
ter  is  summarized  below.  If  the  shock  motion 
over  a  point  is  modeled  as  a  step  function,  then 
the  instantaneous  wall  shear  stress  at  that  point 
has  two  possible  values.  One  is  the  value  cor¬ 
responding  to  flow  upstream  of  the  shock  wave 
(i.e.,  incoming  boundary  layer)  which  is  large  and 
positive,  and  the  other  corresponds  to  backflow 
and  is  considerably  smaller  and  negative.  Hence, 
even  if  there  is  backflow  for  a  large  fraction  of  the 
time  (i.e.,  at  high  intermittency),  the  mean  shear 
stress  will  still  be  positive.  The  surface  tracer  ma¬ 
terial,  which  has  almost  zero  frequency  reponse, 
will  therefore  move  downstream.  On  this  basis, 
the  station  at  which  the  mean  wall  shear  stress 
becomes  zero  and  the  tracer  material  accumulates 
will  have  a  very  high  value  of  intermittency. 

In  swept  compression  ramp  flows,  experiments 
at  Mach  5  show  that  the  separation  line  moves 
upstream  in  the  intermittent  region  with  increas¬ 
ing  sweepback  (Erengil  &  Dolling,  1992).  For  a 
comer-line  sweepback  of  50  deg.,  the  separation 
line  is  approximately  in  the  middle  of  the  inter¬ 
mittent  reigtm.  This  result  lends  some  support 
to  the  physical  explanation  advanced  above.  In 
swept  interactions,  the  upstream  component  of 
the  wall  shear  stress  is  appreciably  larger  than 
in  the  unswept  case  with  its  subsonic  recirculat¬ 
ing  flow.  Hence,  the  relative  position  in  the  in¬ 
termittent  r^on  where  the  time-averaged  wall 
shear  stress  becomes  zero  changes.  As  a  result, 
the  line  of  coalescence  of  surface  streaklines  shifts 
progressively  upstream  in  the  intermittent  region 
with  increasing  sweep. 
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SUMMARY 

With  the  advent  of  Laser  Doppler  Veloclmetry  in  the  70s 
it  has  become  possible  to  investigate  high  speeu  com¬ 
plex  flows  containing  shock  waves,  separated  regions  and 
strong  turbulent  fluctuations.  This  powerful  tool  has  al¬ 
lowed  an  unprecedented  physical  dMcription  of  the  flow 
fields  resulting  from  shock  wave/boundary  layer  interac¬ 
tion,  both  in  two-  and  three-dimensional  flows.  It  is  re¬ 
markable  that  the  development  of  LDV  has  accompanied 
the  progess  in  CFD,  thus  permitting  an  in  depth  valida¬ 
tion  of  the  theoretical  models.  The  Lecture  focusses  on 
the  use  of  LDV  to  investigate  typical  transonic  and  su¬ 
personic  interactions  occurring,  firstly  in  nominally  2D 
configurations,  then  in  a  3D  channel  flow.  The  data  thus 
obtiuned  are  used  to  provide  a  detailed  description  of  the 
flow  field  and  to  validate  several  equilibrium  and  non¬ 
equilibrium  turbulence  models.  In  2D  flows,  the  calcu¬ 
lations  were  executed  by  using  an  economical  boundary 
layer  type  approach,  for  the  3D  case  the  models  were  im¬ 
plemented  in  a  Navier-Stokes  code. 

1.  INTRODUCTION 

The  advent  of  Laser  Doppler  Velocimetry  (LDV)  in  the 
70s  has  operated  a  true  break-through  in  our  capacity  to 
investigate  complex  ttirbulent  flows,  as  those  generated 
by  the  interaction  between  a  shock-wave  and  a  turbulent 
boimdary  layer.  With  LDV,  it  has  become  possible  to 
perform  reliable  and  accurate  measurements  in  high  speed 
flows  containing  shock-waves,  large  separated  regions  and 
strong  turbulent  fluctuations.  Not  only  the  mean  flow 
structure  can  now  be  described  in  detail,  but  also  the 
complete  Reynolds  stress  tensor  can  be  determined,  even 
in  three-dimensional  configurations. 

It  is  remarkable  that  the  spectacular  advances  in  experi¬ 
mental  techniques  were  accompanied  by  the  considerable 
development  of  the  predictive  tools  which  permit  a  local 
description  of  complex  interacting  flows.  The  large  in¬ 
crease  in  computer  performance  and  the  parallel  progress 
in  numerical  methods  now  render  possible  the  solution  of 
the  full  time  averaged  Navier-Stokes  equations.  However, 
purely  numerical  problems,  like  those  posed  by  the  defini¬ 
tion  of  an  adequate  mesh,  being  excluded,  the  theoretical 
efforts  are  still  hampered  by  the  difiSculty  of  represent¬ 
ing  the  turbulent  terms  in  the  time  averaged  equations. 
In  the  domain  of  turbulence  modelling,  progress  is  much 
slower  and  important  work  has  still  to  be  done  to  obtain 
fully  satisfactory  results. 


A  real  validation  of  numerical  models  must  rely  not  only 
on  confrontations  between  measured  and  computed  wall 
quantities  (pressure,  skin-friction,  heat-transfer  in  hyper¬ 
sonic  flows)  but  also  on  field  properties  interesting  both 
the  mean  and  the  turbulent  fields.  Classical  measure¬ 
ment  techniques,  based  on  multi-hole  pressure  probes  or 
temperatvire  probes,  can  provide  very  useful  results  and, 
for  this  reason,  must  not  be  despised  (Gaillard,  1983). 
Hot  wire  anemometry  can  give  instructive  information  on 
the  turbulent  field,  especially  on  its  frequencies  or  length 
scales  (Smits  and  Muck,  1987).  Also,  the  highly  fluctuat¬ 
ing  character  of  strong  interactions  must  be  investigated 
by  using  short  response  time  surface  transducers  and/or 
probes  (Sajben  et  al.,  1985;  Muck  et  al.,  1988;  Erengil 
and  Dolling,  1991).  These  means  of  investigation  suf¬ 
fer  from  their  intruding  nature  which  renders  their  use 
in  transonic  flows  problematic,  since  then  any  obstacle, 
even  small,  can  significantly  affect  the  whole  flow  field, 
producing  large  displacements  of  the  shock  system.  FW- 
thermore.  the  probing  of  a  separated  zone  with  material 
probes  is  suspect  because  of  their  disturbing  action  and 
of  the  inherent  difficulty  to  determine  the  direction  of  the 
velocity  with  such  devices. 

Interferometry,  and  more  particularly;  holographic  inter¬ 
ferometry,  constitutes  a  powerful  tool  to  analyze  com¬ 
plex  and  sensitive  flow  fields  because  of  its  non  intrusive 
nature  (Surget  et  al.,  1977;  Hsu  and  Settles,  1989).  In 
addition  of  spectacular  visualizations  of  the  flow,  inter¬ 
ferometry  allows  direct  measurements  of  the  locrd  density 
by  an  adequate  processing  of  the  interferograms.  Thus, 
interferometry  has  been,  and  is  still,  used  to  investigate 
shock  wave/boundary  layer  interactions.  However,  in¬ 
terferometry  suffers  from  three  major  disadvantages:  1) 

-  In  practice,  its  quantitative  use  is  restricted  to  two- 
dimensional  and  axisymmetric  flows,  extension  to  truly 
three-dimensional  flows  requiring  complex  experimental 
procedures  and  ultra  complicated  processing  techniques. 
2)  -  It  lacks  sensitivity  in  separated  flows  since  then,  the 
velocity  being  smidl,  the  density  is  nearly  constant.  3) 

-  Turbulence  measurements  with  interferometry  does  not 
seem  possible,  except  a  rough  characterization  of  turbu¬ 
lent  structures. 

Laser  Doppler  Velocimetry  does  not  suffer  from  these  lim¬ 
itations.  Performing  a  local  measurement,  having  a  high 
sensitivity  and  the  ability  to  determine  the  velocity  direc¬ 
tion,  LDV  allows  the  survey  of  two-dimensioiud  as  well 
as  three-dimensionel,  separated  flows.  FVirthermore,  the 
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nearly  instantaneous  measurement  process  permits  turbu¬ 
lence  measurements  from  an  appropriate  statistical  treat¬ 
ment  of  a  sample  of  instantaneous  values  recorded  at  one 
point.  Of  course,  LDV  has  also  limitations:  1)-  It  gives 
information  at  one  point  at  a  time,  so  that  the  prob¬ 
ing  of  a  vast  field  may  require  long,  and  sometimes  pro¬ 
hibitive.  test  durations.  On  the  opposite,  interferometry 
operates  the  record  of  a  whole  flow  field  at  once.  2)  - 
The  technique  postulates  that  the  velocity  of  the  seeding 
particles  is  equal  to  the  flow  velocity,  which  may  be  not 
true  is  highly  retardated  or  accelerated  flows.  3)  -  Three- 
component  LDV  systems  able  to  make  measurements  in 
high  speed  flows  are  expansive  and  delicate  to  operate. 

The  purpose  of  the  present  Lecture  is  to  show  the  contri¬ 
bution  of  LDV  to  the  investigation  of  shock  wave/turbulent 
boundary  layer  interactions.  This  technique  has  been 
used  by  several  investigators  to  obtain  a  faithful  and  re¬ 
liable  description  of  interacting  flows  containing  more  or 
less  extended  separated  regions  (East,  1976;  Seegmiller  et 
al.,  1978;  Ardonceau  et  al.,  1980;  Ardonceau,  1981;  to  cite 
the  earlier  LDV  studies).  Here,  we  will  restrict  ourselves 
to  the  studies  of  typical  interactions  which  were  conducted 
at  ONERA,  over  the  past  10  years.  Elmphasis  will  be 
placed  on  the  crucial  role  played  by  LDV  measurements  in 
the  physical  understanding  of  interacting  flows  and  in  the 
critical  examination  of  turbulence  models.  Firstly,  two- 
dimensional  interactions  will  be  considered,  then  three- 
dimensional  interactions  will  be  discussed.  The  theoreti¬ 
cal  aspects  of  the  question  will  be  focussed  on  transonic 
and  supersonic  two-dimensional  interactions  which  can 
be  treated  by  using  a  simplified  boundary-layer  type  ap¬ 
proach,  if  the  aim  is  to  discuss  turbulence  modelling.  Only 
a  limited  number  of  results  obtained  with  Navier-Stokes 
calculations  will  be  presentad  here,  since  this  approach 
constitutes  the  main  subject  of  other  Lectures. 

2.  experimental  and  theoretical 

TOOLS 

2.1  The  LDV  System 

.All  the  field  measurements  presented  in  what  follows  were 
executed  with  a  laser  velocimeter  developed  by  ONERA ’s 
Physics  Department  in  collaboration  with  the  Laser  Mea¬ 
surement  Group  of  the  Aerodynamics  Department 
(Boutier  et  al.,  1984).  The  general  arrangement  of  the 
velocimeter  is  shown  in  Fig.  1. 

In  its  most  advanced  three-component  capability,  the  ve¬ 
locimeter  is  equipped  with  two  identical  Argon  lasers  that 
can  emit  a  maximum  power  of  15W  in  the  all  lines  mode 
of  operation.  The  first  laser,  in  single-line  violet  (wave 
length  A  =  0.4765;im),  operates  at  a  power  of  3W.  The 
second  is  tised  in  all  lines  mode  at  a  power  of  6W  and 
the  besLm  it  emits  is  split  by  a  set  a  semitransparent  -  or 
dichroic  -  mirrors  into  two  colours;  green  (A  =  0.5145/jm) 
imd  blue  (A  =  0.4880;im).  The  three  pairs  of  beams  ob¬ 
tained  from  passing  through  the  violet,  blue  and  green 
beam  splitters  (see  Fig.  1)  are  focussed  by  an  appropri¬ 
ate  lens  assembling  to  constitute  the  probe  volume,  the 
diameter  of  which  depends  of  the  focal  length  of  the  fo¬ 
cussing  optics.  This  diameter  can  be  as  small  as  100pm,  in 
the  two-component  version  of  the  velocimeter;  it  is  close 
to  200pm  in  the  three-component  arrangement. 

The  blue  and  green  beams  are  emitted  in  a  horizontal 
plane  at  an  angle  a  from  the  spanwise  axis  of  the  test 
section.  Their  interferences  produce  two  fringe  patterns  - 


one  horizontal  and  the  other  vertical  -  contained  in  a  plane 
perpendiculf. .  to  the  emission  line.  The  violet  radiation 
is  also  emitted  in  a  horizontal  plane,  but  at  an  angle  J 
with  the  spanwise  axis.  It  sets  up  a  vertical  fringe  pattern 
normal  to  this  direction.  These  three  fringe  systems  have 
their  own  fringe  spacing  1,  which  depends  of  the  wave 
length.  The  velocity  vector  is  thus  measured  in  a  system 
of  axes  in  which  one  axis  (Z)  is  vertical  and  the  two  others 
(Xi  and  -Y2)  lie  in  a  horizontal  plane  at  an  angle  (a  -f  d) 
from  each  other.  Maximum  accuracy  in  the  measurement 
of  the  velocity  components  is  obtained  when  (a  +  d)  is 
equal  to  90“,  a  condition  impossible  to  realize  because  of 
the  constraints  imposed  by  the  test  section,  in  particular 
the  size  of  its  windows.  In  the  reality,  values  o{  (a  +  /i) 
comprised  between  40“  and  60“  are  suiopted.  EUementary 
formulae  can  then  convert  these  velocity  components  into 
the  wind  tunnel  (X,Y,Z)  coordinates  in  which  the  results 
are  expressed. 

For  the  velocimeter  to  determine  the  orientation  of  the 
measured  velocity  components,  the  six  beams  traverse 
Bragg  ceils  inducing  a  shift  of  the  fringes.  With  this  de¬ 
vice,  the  components  are  measured  in  a  moving  frame 
whose  velocity  is  adjusted  in  such  a  way  that  all  the  com¬ 
ponents  have  the  same  direction,  or  sign.  Thus,  if 
designates  the  measured  frequency  for  component  i,  /a, 
the  frequency  associated  with  the  Bragg  shift,  1,  the  fringe 
spacing,  then  the  velocity  component  u,  in  the  "labora¬ 
tory"  coordinate  system  is  given  by: 

t*i  ~  ii(/mi  ~  /Bi) 

The  collecting  part  of  the  velocimeter  includes  two  Casse¬ 
grain  telescopes  with  a  diameter  of  200mm  to  collect  the 
maximum  light  scattered  by  the  particles  passing  through 
the  probe  volume.  The  light  from  the  first  of  these  tele¬ 
scopes  passes  through  interference  filters  that  select  the 
green  and  blue  from  the  incoming  radiation.  The  second 
telescope  selects  the  violet  in  the  same  way.  The  sep¬ 
arated  radiations  are  applied  to  three  photomultipliers 
whose  signals  are  processed  by  DISA55L  counters  con¬ 
nected  through  a  simultaneity  digitizer  to  the  acquisition 
system.  The  digitizer  checks  that  the  three  velocity  mea¬ 
surements  actually  correspond  to  the  same  particle  that 
has  just  crossed  the  probe  volume. 

The  ONERA  velocimeter  works  either  in  forward  or  back- 
scattering  mode.  For  all  the  tests  presented  here,  the 
forward-scattering  mode  was  chosen  because  of  its  much 
better  signal-to-noise  ratio,  which  appears  as  essential  to 
execute  accurate  measurements  in  high  speed  flows.  In 
this  arrangement,  the  emitting  and  collecting  parts  are 
mounted  on  two  separate  benches,  placed  on  each  side 
of  the  test  section,  each  moving  with  a  displacement  un¬ 
certainty  of  0.05mm  in  three  orthogonal  directions.  The 
benches  are  computer-controlled  so  that  their  motion  co¬ 
ordinates  with  the  collecting  optics  to  follow  the  probe 
volume  as  it  moves  along. 

To  achieve  an  acceptable  acqtiisition  rate,  especially  in 
the  separated  regions,  the  flows  were  seeded  with  particles 
made  of  incense  smoke  or  parafin  droplets  injected  in  the 
wind  tuimel  settling  chamber. 

At  each  measurement  point,  the  components  of  the  in¬ 
stantaneous  velocity  were  acquired  on  a  sample  of  N  events 
corresponding  to  N  particles  passing  through  the  probe 
volume  (most  often,  N  =  2000).  Then,  the  mean  velocity 


and  the  Reynolds  tensor  components  are  computed  by  the 
following  formulae; 

Its  I 
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The  laser  velocimeter  can  also  operate  as  a  two-component 
system,  this  version  being  used  to  probe  nominally  two- 
dimensional  flows.  In  this  case,  only  the  blue  and  green 
colours  are  used  and  the  beams  are  directed  along  the 
sptmwise  axis  of  the  test  section. 

2.2  The  Numerical  Approach 

Solution  of  the  full  time  averaged  Navier-Stokes  equations 
is  the  most  satisfactory  way  to  compute  complex  flow- 
fields.  including  both  shock  waves  and  large  sepruated 
regions.  However,  in  spite  of  dramatic  progress,  this  ap¬ 
proach  is  still  expansive  in  terms  of  computer  coat.  F\ir- 
thermore,  experience  shows  that  implementation  of  a  new 
turbulence  model,  even  in  an  already  existing  code,  is  a 
considerable  task,  especially  for  transport  equation  mod¬ 
els.  In  these  conditions,  and  if  the  aim  of  the  study  is 
simply  to  validate  -  or  invalidate  -  turbulence  models,  to 
devise  improvements  to  these  models,  or  to  develop  new 
models,  it  may  prove  advantageous  to  use  less  ’’cumber¬ 
some"  numerical  tools.  For  instance,  solving  the  first  or¬ 
der  boundary  layer  equations  can  be  a  very  interesting 
substitute  to  the  use  of  the  Navier-Stokes  equations. 

Of  course,  the  use  of  the  sole  boundary  layer  equations 
does  not  allow  a  complete  prediction  of  the  flow,  since 
part  of  the  solution  has  to  be  provided,  except  if  a  cou¬ 
pling  method  treating  the  interaction  between  the  bound¬ 
ary  layer  and  the  outer  invisdd  flow  is  adopted  (see,  for 
example,  Le  Balleur,  1987).  In  the  usual  boimdary  layer 
approach,  the  pressure  or  the  velocity  distribution  at  the 
boundeuy  layer  edge  is  prescribed.  As  it  is  now  well 
known,  this  way  of  solving  the  problem  breaks  down  if 
separation  occurs,  because  of  the  so-called  Goldstein’s  sin¬ 
gularity  met  at  the  point  where  the  skin  friction  vanishes. 
This  singularity  can  be  overcome  by  adopting  an  inverse 
mode  of  calculation  in  which  the  prescribed  quantity  per¬ 
tains  to  the  boundary  layer  development  itself:  it  can  be 
the  distribution  of  the  displacement  thickness  or  of  the 
skin  friction  (for  more  information  on  inverse  methods, 
see  Ddeiy  and  Marvin,  1986). 

In  the  "strategy”  adopted  here  to  validate  turbulence 
models  in  two-dimensional  flows,  the  first-order  bound¬ 
ary  layer  equations  have  been  solved  in  the  inverse  mode 
by  prescribing  the  displacement  thickness  distribution  de¬ 
duced  from  experiment.  In  this  case,  the  pressure  distri¬ 
bution  p(x)  is  an  output  of  the  calculation,  as  also  all  the 
other  boundary  layer  properties,  which  can  be  compared 
to  experimental  data.  The  boundary  layer  equations,  to¬ 
gether  with  the  energy  and  the  transport  equations  for 
the  turbulent  quantities,  when  models  with  history  effects 
were  tested,  were  solved  by  an  implicit  finite  difference 
method  which  will  not  be  presented  here  (see  Benay  and 
Duoont,  1986).  It  was  verified  that  this  approach  gave  re¬ 
sults  in  close  agreement  with  Navier-Stokes  calculations 
in  transonic  applications  (Escande,  1986;  Benay  et  at., 
1987),  which  constitutes  a  guarantee  of  the  soimdness  of 
the  adopted  approach. 


Of  course,  in  addition  to  its  intrinsic  limitation,  the  use 
of  the  boundtuy  layer  equations  present  disadvantages: 
1)  -  The  eissumption  of  zero  transverse  pressure  gradient 
(dpjdy  =  0)  is  questionable  in  regions  where  the  flow 
properties  vary  rapidly  (the  shock  foot  region,  for  exam¬ 
ple).  2)  -  The  accuracy  will  degrade  as  the  Mach  number 
increases,  since  at  high  Mach  number  the  pressure  gra¬ 
dients  tend  to  be  intense.  3)  -  Calculation  of  separated 
three-dimensional  flows  rapidly  becomes  inextricate,  ex¬ 
cept  in  special  situations  like  the  infinite-swept  wing  as¬ 
sumption  (Delery  and  Formery,  1983).  Then,  solution  of 
the  Navier-Stokes  equations  appears  as  necessary. 
Nevertheless,  as  it  will  be  seen  in  the  coming  Sections, 
the  boundary  layer  approach  can  be  extremely  useful  to 
test  a  large  number  of  turbulence  models,  thus  permitting 
a  first  select'on  before  incorporating  the  most  promising 
into  a  Navier-Stokes  code. 

2.3  Tested  Turbulence  Models 
2.3.1  General  Rexaarlcs 

In  usual  computations  of  complex  turbulent  fiows,  one 
considers  the  time  averaged  version  of  the  Navier-Stokes 
equations  which  result  &om  an  averaging  of  the  time  de¬ 
pendent  equations  over  a  time  T  long  with  respect  to  the 
time  scales  of  the  turbulent  motion,  but  short  compared 
to  macroscopic  unsteady  motions.  Two  different  averag¬ 
ing  procedures  can  be  applied.  In  the  classical  Reynolds 
averaging,  any  fluctuating  variable  f  is  split  into: 

f  =  f  +  /'with  :  0 

the  mean  value  /  being  defined  by: 


Appliea  to  an  incompressible  flow,  the  Reynold"  ev.n'- 
aging  method  leads  to  equations  for  the  mean  proper¬ 
ties  /  which  are  nearly  identical  to  the  starting  equa¬ 
tions,  except  for  the  presence  of  correlation  terms  of  the 

form  u'u'  ,  the  so-called  Reynolds  stresses.  In  compiess- 
ible  flows,  the  Reynolds  averaging  procedure  introduces 
severtd  additiontd  turbulent  terms  involving  the  fluctua 
tions  of  density  p'  and  temperature  T’,  which  are  hard  to 
model.  In  order  to  avoid  this  complication,  Favre  (1966) 
introduced  mass-averaged  quantities  which  are  frequently 
employed  in  the  computation  of  compressible  turbulent 
flows.  According  to  this  concept,  a  fluctuating  variable, 
the  velocity  component  u,  for  example,  is  split  into: 

U,  =  Ui  -(-  u'' 

where  the  fluctuating  part  u"  is  defined  in  such  a  way 
that: 

^  =0 

Now  the  fluctuating  part  u;fti  is  such  that: 


P 
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The  use  of  the  mass-averttged  variables  gives  the  aver¬ 
aged  Navier-Stokes  equations  a  more  compact  form.  As  a 
counterpart,  the  turbulent  terms  now  present  in  the  s  .-er- 
aged  equations  cannot  be  identified  with  measured  quanti¬ 
ties,  which  leads  to  other  complications.  However,  at  low 
to  moderate  Mach  numbers,  the  difFerence  between  the 
Reynolds  tmd  Favre  variables  is  immaterial,  since  then  it 
IS  legitinrate  to  neglect  the  fluctuations  of  density.  In  this 
case,  which  corresponds  to  the  flows  investigated  here,  it 
is  more  convenient  to  consider  the  classical  time-averaged 
form  of  the  Navier-Stokes  equations,  compressibilit',  ef¬ 
fects  being  taken  into  account  by  considering  a  variable 
mean  density  p  . 

In  the  following  Sections,  a  distinction  is  made  between 
the  equilibrium  models  and  those  taking  into  account  a 
turbulence  history  effect  which  are  called  non-equilibrium 
modeb.  The  majority  of  these  modeb  is  based  on  the 
eddy  viscosity  concept  of  Boussinesq.  In  the  most  sophis¬ 
ticated  theories,  the  turbulent  stresses  are  transported 
quantities;  this  constitutes  the  second-order  closure.  This 
last  class  of  models  was  not  considered  in  the  present  stud¬ 
ies.  With  the  Boussinesq  concept,  the  Reynolds  shear 
stress  b  expressed  as. 


-  ,  ,  5  u 
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in  the  framework  of  the  classical  boundary  layer  assump¬ 
tion,  Pi  designating  the  turbulent  viscosity.  The  averag¬ 
ing  procedure  applied  to  the  energy  equation  introduces 

a  conelation  term  of  the  form;  p  Vu'  which  is  repre¬ 
sented  by  defining  a  turbulent  thermal  conductivity  Xt 
such  that: 


-  QX 

pru'=A.^ 

Frequently,  one  introduces  a  turbulent  Prandtl  number: 
Pr,  =  PtCfjXt  which  is  asstmied  cotutant  and  equal  to 
0.9  (C,  is  the  constant  pressure  specific  heat).  This  hy¬ 
pothesis.  which  was  done  in  the  calculations  presented 
hereafter,  greatly  simplifies  the  problem  of  the  modelling 
of  the  turbulent  heat  transfer  term. 

Classical  notations  are  used  througho'-.t  the  paper:  x  and 
y  designate  the  boundary  layer  coordinate  system  (x  be¬ 
ing  along  the  wall  and  y  normal  to  it),  u  and  v  are  the 
mean  velocity  components,  along  x  and  y  respectively,  p 
is  the  mean  density,  p  the  molectilar  viscosity,  pi  the  tur¬ 
bulent  (or  eddy)  viscosity,  6  the  boundary  layer  thickness. 

2.3.2  Equilibrium  Models 

In  these  modeb,  the  turbulent  quantities  (in  this  case  the 
shear  stress)  are  completely  determined  from  the  local 
velocity  distribution,  which  implies  that  turbulence  ad¬ 
justs  itself  instantly  to  the  mean  field.  This  assumption, 
called  the  equilibrium  hypothesb,  assumes  that  the  vari¬ 
ation  imdergone  by  the  flow  is  gradual  enough  for  there 
to  be  time  for  this  adjustment.  However,  tbu  is  not  al¬ 
ways  the  case,  in  particular  when  the  boundary  layer  is 
subjected  to  a  strong  adverse  pressure  gradient,  such  as  is 
a  shock  wave/boundary  layer  interaction.  The  history  or 
relaxation  effects  may  then  be  very  important,  as  it  will 
be  seen  in  Section  3.1.3. 


Equilibriui  -  lodeb  rue  also  said  algebraic,  the  eddv  v-is- 
cosity  being  expressed  from  the  mean  flow  properties  by 
purely  algebraic  equations.  The  first  model  of  this  kind 
examined  here  is  that  of  Michel  ei  al.  (1969)  It  has 
been  considered  mainly  as  reference  since  it  is  a  stan¬ 
dard  model:  sinular  models,  that  of  Cebeci-Smitb  for  in¬ 
stance,  give  identical  results  for  strong  ..iteraclions.  as  we 
were  able  to  ascertain.  The  eddy  viscosity  p(  is  given  bv 
the  equation; 


(1)  ^,  = 

where  I  is  the  mixing  length  and  D  t  le  \'an  Driest  damp¬ 
ing  function.  The  expression  of  1  depends  to  a  great  ex¬ 
tent  of  the  nature  of  the  ilow  considered.  In  the  case  of 
a  boundary  layer.  Michel  et  tJ.  suggested  the  following 
formula. 


1  =  O.OSSifanA  ( 
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which  ensures  a  continuous  variation  of  1  from  the  log¬ 
arithmic  region,  where  1  has  the  form  I  =  0.41y,  to  the 
outer  region  where  1  becomes  proportional  to  d 
In  the  present  model,  D  is  g-ven  by: 

(2) D  =  1-exp  p  j 

where  T  =  (p  4-  Pi)t^  b  the  total  shear  stress  on  the 
ordinate  y.  The  above  expressions  lead  to  an  implicit 
equation  for  pi  of  the  form  pi  =  /(pi)  which  is  most 
often  solved  by  a  fixed  point  technique. 

The  second  model  studied,  due  to  Alber  (1971),  is  an 
adaptation  of  the  Cebeci-Smit  j  model  to  separated  flows. 
The  boundary  layer  is  divided  into  an  iimer  region  and 
an  outer  region  where  pi  is  given  by  different  expre^'-ions 
designated  by  P(,  and  p,, ,  respectively.  When  the  flow  is 
attached,  the  following  formulae  are  used: 

(3) p,.  =  p  (0.41yr>)’  j 

Pt.  =  0.0168  p  u  ,6*7 

where: 

-  7  is  the  Klebanoff  intennittency  function  given  here  by: 


7  = 
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-  is  the  "incompressible"  displacement  thickness  de¬ 
fined  by: 


As  .Alber  remarked  an  expression  such  as  (3)  is  incor¬ 
rect  in  a  region  of  reversed  flow  where  the  velocity  pro¬ 
file  exhibits  a  local  minimum  leading  to  =  Onear 
the  wall.  According  to  (3)  -  or  (1)  -  the  result  is  that 
the  turbulent  shear  stress  vanishes  in  this  point,  leading 
to  a  laminar  state  in  a  region  where  the  flow  is  highly 
turbulent.  To  remedy  this  irrealistic  behaviour,  Alber 
recommends  adopting  the  following  expressions  after  the 
boundary  layer  has  separated: 


and  the  Reynolds  tensor  components  are  computed  by  he 
following  formulae; 


ns  /V 


The  laser  vslocimeter  can  also  operate  as  a  two-component 
system,  this  version  being  used  to  probe  nominally  two- 
dimensional  flows.  In  this  case,  only  the  blue  and  green 
colours  are  used  and  the  beams  are  directed  along  the 
spanwise  axis  of  the  test  section. 

2.2  The  Numerical  Approach 

Solution  of  the  full  time  averaged  Navier-Stokes  equations 
is  the  most  satisfactory  way  to  compute  complex  flow- 
fields,  including  both  shock  waves  and  large  separated 
regions.  However,  in  spite  of  dramatic  progress,  this  ap¬ 
proach  is  still  expansive  in  terms  of  computer  cost.  F\ir- 
thermore,  experience  shows  that  implementation  of  a  new 
turbulence  model,  even  in  an  already  existing  code,  is  a 
considerable  task,  especially  for  transport  equation  mod¬ 
els.  In  these  conditions,  and  if  the  aim  of  the  study  is 
simply  to  validate  -  or  invalidate  -  turbulence  models,  to 
devise  improvements  to  these  models,  or  to  develop  new 
models,  it  may  prove  advantageous  to  use  less  ’’cumber¬ 
some"  numerical  tools.  For  instance,  solving  the  first  or¬ 
der  boundary  layer  equations  can  be  a  very  interesting 
substitute  to  the  use  of  the  Navier-Stokes  equations. 

Of  course,  the  use  of  the  sole  boundary  layer  equations 
does  not  allow  a  complete  prediction  of  the  flow,  since 
part  of  the  solution  has  to  be  provided,  except  if  a  cou¬ 
pling  method  treating  the  interaction  between  the  bound¬ 
ary  layer  and  the  outer  inviscid  flow  is  adopted  (see,  for 
example,  Le  Balleur,  1987).  In  the  usual  boundary  layer 
approach,  the  pressure  or  the  velocity  distribution  at  the 
boundary  layer  edge  is  prescribed.  As  it  is  now  well 
known,  this  way  of  solving  the  problem  breaks  down  if 
separation  occurs,  because  of  the  so-called  Goldstein’s  sin¬ 
gularity  met  at  the  point  where  the  skin  friction  vanishes. 
This  singularity  can  be  overcome  by  adopting  an  inverse 
mode  of  calculation  in  which  the  prescribed  quantity  per¬ 
tains  to  the  boundary  layer  development  itself:  it  can  be 
the  distribution  of  the  displticement  thickness  or  of  the 
skin  friction  (for  more  information  on  inverse  methods, 
see  Delery  and  Marvin,  1986). 

In  the  "strategy”  adopted  here  to  validate  turbulence 
modeb  in  two-dimensional  flows,  the  first-order  bound¬ 
ary  layer  equations  have  been  solved  in  the  inverse  mode 
by  prescribing  the  displacement  thickness  distribution  de¬ 
duced  from  experiment.  In  this  case,  the  pressure  distri¬ 
bution  p(x)  is  an  output  of  the  calculation,  as  also  all  the 
other  boundtuy  layer  properties,  which  can  be  compared 
to  experimental  data.  The  boundary  layer  equations,  to¬ 
gether  with  the  energy  and  the  transport  equations  for 
the  turbulent  quantities,  when  models  with  history  effects 
were  tested,  were  solved  by  an  implicit  finite  difference 
method  which  will  not  be  presented  here  (see  Benay  and 
Dupont,  1985).  It  was  verified  that  this  approach  gave  re¬ 
sults  in  close  agreement  with  Navier-Stokes  calculations 
in  transonic  applications  (Escande,  1986;  Benay  et  al., 
1987),  which  constitutes  a  guarantee  of  the  soundness  of 
the  adopted  approach. 


Of  course,  in  addition  to  its  intrinsic  limitation,  the  use 
of  the  boundary  layer  equations  present  disadvantages: 
1)  -  The  assumption  of  zero  transverse  pressure  gradient 
{dp/dy  =  0)  is  questionable  in  regions  where  the  flow 
properties  vary  rapidly  (the  shock  foot  region,  for  exam¬ 
ple).  2)  -  The  accuracy  will  degrade  as  the  Mach  number 
increases,  since  at  high  Mach  number  the  pressure  gra¬ 
dients  tend  to  be  intense.  3)  -  Calculation  of  separated 
three-dimensional  flows  rapidly  becomes  inextricate,  ex¬ 
cept  in  special  situations  like  the  infinite-swept  wing  as¬ 
sumption  (Delery  and  Formery,  1983).  Then,  solution  of 
the  Navier-Stokes  equations  appears  as  necessary. 
Nevertheless,  as  it  will  be  seen  in  the  coming  Sections, 
the  boundary  layer  approach  can  be  extremely  useful  to 
test  a  large  number  of  turbulence  models,  thus  permitting 
a  first  selection  before  incorporating  the  most  promising 
into  a  Navier-Stokes  code. 

2.3  Tested  Turbulence  Models 
2.3.1  General  Remarks 

In  usual  computations  of  complex  turbulent  flows,  one 
considers  the  time  averaged  version  of  the  Navier-Stokes 
equations  which  result  from  an  averaging  of  the  time  de¬ 
pendent  equations  over  a  time  T  long  with  respect  to  the 
time  scales  of  the  turbulent  motion,  but  short  compared 
to  macroscopic  unsteady  motions.  Two  different  averag¬ 
ing  procedures  can  be  applied.  In  the  classical  Reynolds 
averaging,  any  fluctuating  variable  f  is  split  into: 

/  =  /  -f-  f'wtth  :  /'  =  0 
the  mean  value  /  being  defined  by; 


Applied  to  an  incompressible  flow,  the  Reynolds  ever- 
aging  method  leads  to  equations  for  the  mean  proper¬ 
ties  /  which  tue  nearly  identical  to  the  starting  equa¬ 
tions,  except  for  the  presence  of  correlation  terms  of  the 

form  u'uj  ,  the  so-called  Reynolds  stresses.  In  compress¬ 
ible  flows,  the  Reynolds  averaging  procedure  introduces 
several  additiontJ  turbulent  terms  involving  the  fluctua¬ 
tions  of  density  p'  and  temperature  T’,  which  are  hard  to 
model.  In  order  to  avoid  this  complication,  Favre  (1965) 
introduced  mass-averaged  quantities  which  are  frequently 
employed  in  the  computation  of  compressible  turbulent 
flows.  According  to  this  concept,  a  fluctuating  variable, 
the  velocity  component  u,  for  example,  is  split  into: 

—  ,  n 

U,  =  Ui  -(-  U; 

where  the  fluctuating  part  u"  is  defined  in  such  a  way 
that: 

pu';  =  0 

Now  the  fluctuating  part  u;lfi  is  such  that: 


u”  =-.£^^0 
p 
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The  use  of  the  mass-averaged  variables  gives  the  aver¬ 
aged  Navier-Stokes  equations  a  more  compact  form.  As  a 
counterpart,  the  turbulent  terms  now  present  in  the  aver¬ 
aged  equations  cannot  be  identified  with  measured  quanti¬ 
ties,  which  leads  to  other  complications.  However,  at  low 
to  moderate  Mach  numbers,  the  difference  between  the 
Reynolds  and  Favre  variables  is  immaterial,  since  then  it 
is  legitimate  to  neglect  the  fluctuations  of  density.  In  this 
case,  which  corresponds  to  the  flows  investigated  here,  it 
is  more  convenient  to  consider  the  classical  time-averaged 
form  of  the  Navier-Stokes  equations,  compressibility  ef¬ 
fects  being  taken  into  account  by  considering  a  variable 
mean  density  p  . 

In  the  following  Sections,  a  distinction  is  made  between 
the  equilibrium  models  and  those  taking  into  account  a 
turbulence  history  effect  which  are  called  non-equilibrium 
modeb.  The  majority  of  these  models  is  bas^  on  the 
eddy  viscosity  concept  of  Boussinesq.  In  the  most  sophis¬ 
ticated  theories,  the  turbulent  stresses  are  transported 
quantities;  this  constitutes  the  second-order  closure.  This 
last  class  of  models  was  not  considered  in  the  present  stud¬ 
ies.  With  the  Boussinesq  concept,  the  Reynolds  shear 
stress  is  expressed  as: 


in  the  framework  of  the  classical  boundary  layer  assump¬ 
tion,  fit  designating  the  turbulent  viscosity.  The  averag¬ 
ing  procedure  applied  to  the  energy  equation  introduces 

a  correlation  term  of  the  form:  />  T'u'  which  is  repre¬ 
sented  by  defining  a  turbulent  thermal  conductivity  At 
such  chat; 

Frequently,  one  introduces  a  turbulent  Prandtl  number: 
Pr.  =  fiiCf/^t  which  is  assumed  constant  and  equal  to 
0.9  (Cf  is  the  constant  pressure  specific  heat).  This  hy¬ 
pothesis,  which  was  done  in  the  calculations  presented 
hereafter,  greatly  simplifies  the  problem  of  the  modelling 
of  the  ttirbulent  heat  transfer  term. 

Classical  notations  are  used  throughout  the  paper:  x  and 
y  designate  the  boundary  layer  coordinate  system  (x  be¬ 
ing  along  the  wall  and  y  normal  to  it),  u  and  v  are  the 
mean  velocity  components,  along  x  and  y  respectively,  p 
is  the  mean  density,  p  the  molecular  viscosity,  pt  the  tur¬ 
bulent  (or  eddy)  viscosity,  S  the  botmdary  layer  thickness. 

2.3.2  Equilibrium  Models 

In  these  modeb,  the  turbulent  qtiantities  (in  this  case  the 
shear  stress)  are  completely  determined  from  the  local 
velocity  distribution,  which  implies  that  turbulence  ad¬ 
justs  itself  instantly  to  the  mean  field.  This  assiunption, 
called  the  eqtiilibrium  hypothesis,  assumes  that  the  vari¬ 
ation  tmdergone  by  the  flow  b  gradual  enough  for  there 
to  be  time  for  this  adjustment.  However,  this  is  not  al¬ 
ways  the  case,  in  particular  when  the  boundary  layer  is 
subjected  to  a  strong  adverse  pressure  gradient,  such  as  is 
a  shock  wave/boundary  layer  interaction.  The  history  or 
relaxation  effects  may  then  be  very  important,  as  it  will 
be  seen  in  Section  3.1.3. 


Equilibrium  modeb  are  also  said  algebraic,  the  eddy  vis¬ 
cosity  being  expressed  from  the  mean  flow  properties  by 
purely  algebraic  equations.  The  first  model  of  this  kind 
examined  here  is  that  of  Michel  et  al.  (1969).  It  has 
been  considered  mainly  as  a  reference  since  it  is  a  stan¬ 
dard  model;  similar  modeb,  that  of  Cebeci-Smith  for  in¬ 
stance,  give  identical  results  for  strong  interactions,  as  we 
were  able  to  ascertain.  The  eddy  vbcosity  p,  is  given  by 
the  equation: 

(1)  p,  = 

I  I 

where  1  is  the  mixing  length  and  D  the  Van  Driest  damp¬ 
ing  function.  The  expression  of  1  depends  to  a  great  ex¬ 
tent  of  the  nature  of  the  flov/  considered.  In  the  case  of 
a  boundary  layer,  Michel  et  al.  suggested  the  following 
formula: 

\  0.085  (5  y 

which  ensures  a  continuous  variation  of  1  from  the  log¬ 
arithmic  region,  where  1  has  the  fonn  /  =  0.41y,  to  the 
outer  region  where  1  becomes  proportional  to  S. 

In  the  present  model,  D  is  given  by: 

{2)D  =  1  -  eip 

where  t  =  (p  +  Pt)^^  b  the  total  shear  stress  on  the 
ordinate  y.  The  above  expressions  lead  to  an  implicit 
equation  for  pt  of  the  form  pt  =  f(pi)  which  is  most 
often  solved  by  a  fixed  point  technique. 

The  second  model  studieq.  due  to  Alber  (1971),  is  an 
adaptation  of  the  Cebeci-Smith  model  to  separated  flows. 
The  boundary  layer  is  divided  into  an  inner  region  and 
an  outer  region  where  pt  is  given  by  different  expressions 
designated  by  pi,  and  pi, ,  respectively.  When  the  flow  is 
attached,  the  following  formulae  eu-e  used: 

(3)p„  =  7  (0.4l!,D)"  j 

p,.=  0.0168  p  u  tS’f 

where: 

-  y  is  the  Klebanoff  iatermittency  function  given  here  by: 


f  /I 

-j  \  6 
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-  S'  is  the  "incompressible”  dbplacement  thickness  de¬ 
fined  by: 


As  -Alber  remarked  an  expression  such  as  (3)  is  incor¬ 
rect  in  a  region  of  reversed  flow  where  the  velocity  pro¬ 
file  exhibits  a  local  minimum  leading  to  ^  =  Onear 
the  wall.  According  to  (3)  -  or  (1)  -  the  result  is  that 
the  turbulent  shear  stress  vanbhes  in  this  point,  leading 
to  a  laminar  state  in  a  region  where  the  flow  is  highly 
turbulent.  To  remedy  this  irrealistic  behaviour,  Alber 
recommends  adopting  the  following  expressions  after  the 
boundary  layer  has  separated: 


1/2 


fit,  =  0.018  p  yD*  u  , 

=  0.0168  p  u  ,i*7 

In  the  equation  giving  /i|, ,  i*  represents  the  displacement 
thickness  above  the  discriminating  streamline  of  the  sep¬ 
aration  bubble,  i.  e.  the  streamline  separating  the  recir¬ 
culating  flow  from  the  flow  streaming  from  upstream  to 
downstream  infinity.  This  avoids  an  abnormally  high  in¬ 
crease  in  turbulent  quantities  for  a  large  separation  where 
the  boundary  layer  thickens  considerably. 

In  addition,  Alber  introduced  a  modified  form  of  the  Van 
Driest  damping  function  avoitfing  the  cancellation  of  D  at 
a  point  of  zero  skin  friction.  In  the  present  applications 
of  Alber’s  model,  relation  (2)  has  been  adopted,  since  it 
presents  similar  advantages. 

The  models  considered  aibove  use  as  length  scale  the  thick¬ 
ness  S  of  the  boundsury  layer  (or  a  displacement  thickness 
whose  computation  requires  the  knowledge  of  S)  which  is 
ill  defined  in  interacting  flows.  Such  a  problem  arises,  for 
instance,  at  the  foot  of  the  shock  where  the  velocity  gra¬ 
dients  along  y  remain  large  in  the  non-dissipative  part  of 
the  field. 

Baldwin  and  Lomax’s  model  (1978),  widely  tised  in  the 
Navier-Stokes  codes,  proposes  to  avoid  this  type  of  prob¬ 
lem  by  defining  the  length  scale  without  referring  to  a 
thickness  related  to  S.  It  is  also  a  two-layer  model  in 
which  the  inner  and  outer  turbulent  viscosities  are  com¬ 
puted  by: 

/!..  =0.0269  7 

In  these  expressions,  is  a  function  of  x  alone  given 
by  whichever  of  the  two  equations  below  has  the  smallest 
value  at  the  abscissa  x  considered: 


F.  =  VMf’M,f.=0.25yM;^ 

The  quantity  Fu  is  the  maximum  of  function 
F  =  yD  u  /dy^  and  yu  is  the  ordinate  at  which  this 
maximum  is  reached. 

In  this  model,  the  vortidty  distribution  is  used  to  define 
a  length  scale  such  that  it  is  no  longer  necessary  to  locate 
the  edge  of  the  boundary  layer.  However,  it  may  occur 
that  function  F  has  several  maxima,  which  leads  to  other 
difficulties  (see,  for  example,  Visbal  and  Knight,  1984). 
2.3.3  Non  Equilibrium  Modeb 

The  non  equilibrium  model  of  Johnson  and  King  (1985) 
is  an  algebraic  model  with  history  effects  offering  the  ad¬ 
vantage  of  being  mathematically  simple.  In  this  case,  the 
kinematic  eddy  viscosity  t/,  =  /i,/  p  is  given  for  the  com¬ 
plete  thickness  of  the  boundary  layer  by  the  equation: 


Sind: 


‘'1. 


0.41yD^ 


M 


t'l.  =  ay 

The  maximum  shear  stress  at  the  abscissa  x  considered. 

=  — (  u'v'  )ai,  satisfies  an  ordinary  differential  equation 
of  the  form; 


L*#  u  AT  dr,^  -  LmV  ,  d  u 

- J—  +  +  -  =  hM  -5— 

dx  r,  &y 


M 


which  is  deduced  from  the  transport  equation  for  the  tur¬ 
bulence  kinetic  energy  k  given  below.  The  dissipation 
length  Lit  ~  and  the  turbulence  difftision  rate 

Vm  are  computed  by  algebraic  relations  not  ^ven  here. 


A  step  towards  greater  sophistication  consists  of  express¬ 
ing  /i|  as  a  function  of  transported  local  turbulence  quan¬ 
tities.  The  following  expression,  in  which  pt  is  expressed 
in  terms  of  the  turbulence  kinetic  energy  k  and  its  dissi¬ 
pation  rate  e,  is  probably  the  most  popular; 


(4)pj  —  P 


Frequently  used  transport  equations  for  k  and  t  are  those 
of  Jones  and  Launder  (1972)  which  are  written  (for  a 
boundary  layer  flow); 


(5)  p  “  If  +  f  Ij  =  p  i.Pk  -  *)- 

I;] 


(6)  p  p  u  ^  =  -c.,  ip*  -  C,  p  •r+ 


+  +  Ij] 

where  Pk  designates  the  production  term  which,  in  the 
framework  of  the  boundary  layer  approocimation,  reduces 
to: 


A  =  -uV^ 

dy 


Taking  the  normal  stresses  into  accoxmt  (see  Section  3.1.3),' 
leads  to  using  the  following  form,  which  assumes  that  the 
mean  flow  is  nearly  incompressible: 


The  surrounded  terms  are  the  so-called  low  Reynolds  num-| 
ber  terms  introduced  to  have  a  correct  behaviour  of  tur¬ 
bulent  quantities  on  approaching  the  wall.  In  the  same 
spirit,  is  a  damping  function  (not  given  here). 

In  the  present  applications,  the  constants  had  the  follow¬ 
ing  values: 


where: 


<r*  =  1,(T,  =  1.3,0,,  =  1.57,0,,  =  2 
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Equations  (5)  and  (6)  are  in  principle  valid  down  to  the 
wall.  However,  it  waa  demonstrated  that  the  low  Reynolds 
number  terms  gave  poor  results  in  the  case  of  a  separated 
flow.  To  improve  the  model  a  rather  large  number  of 
adaptations  have  been  proposed.  Here  we  will  consider  a 
version  in  which  a  two  layer  representation  is  adopted: 

-  Near  the  surface,  up  to  an  ordinate  yg,  the  viscosity  pi 
is  computed  by  the  mixing  length  equation  (1). 

-  In  the  outer  region,  where  y  >  yg,  the  transport  equa¬ 
tions  (5)  and  (6),  without  the  low  Reynolds  number  terms, 
are  solved  and  /xi  is  determined  by  (4)  in  which  =  1. 

The  matching  between  the  two  layers  is  made  at  the  or¬ 
dinate  at  which  the  turbulence  Reynolds  number  Hr  = 
f)  k^jt  ~  pt//thas  become  suiflciently  large  (the  value 
Rt  =  200  was  adopted). 

The  last  non-equihbrium  model  considered  here  is  the 
Algebraic  Stress  Model  (ASM)  proposed  by  Launder 
(1971)  and  Rodi  (1972).  It  constitutes  an  intermediate 
step  before  a  complete  transport  model  -  or  Reynolds 
Stress  Elquation  (RSE)  model  -  in  which  the  Reynolds 
stress  tensor  is  transported. 

The  ASM  is  obtained  from  the  RSE  by  assuming  that  the 
ratio  ^  varies  slowly.  We  can  then  write: 


Quantities  k  and  t  are  computed  from  transport  equations 
(5)  tmd  (6)  with  the  wall  region  treated  as  in  the  previous 
model. 

It  can  be  shown  that  the  Reynolds  shear  stress  is  given 
by: 


—  p  u'v'  = 


-k  l-Ci(l-|/q)  -du  _ 
^  t^  +  Ci-l  +  §/C|  "  dy 


Since  v'^  is  smaller  than  k,  one  sees  that  the  length  scale 

1  =  v'^  v^/eattached  to  this  model  is  shorter  than  that 
of  the  [k,fj  model  which  is:  /  =  k^^^/t.  Furthermore,  an 
essentitd  advantage  of  the  ASM  is  that  coeflScient  is  a 
function  of  the  ratio  Pt/«,  which  is  more  realistic  when 
the  boundary  layer  is  strongly  out  of  equilibrium. 

The  constants  of  the  model  have  the  values: 

C,  =  1.8,  Cr  =  0.6,  C;  =  0.5,  C'  =  0.3 
the  wall  influence  function  f  having  the  form: 


/  =  0.287 


(7)  ^  ) -Diff  (u'u'  )  =  (^  -  D.fnk)) 

where  D/Dt  is  the  total  derivative,  Diff  representing  the 
diffusion  term. 

After  proper  modelling  of  the  different  terms  of  the  Rey¬ 
nolds  stress  transport  equation,  the  left  hand  side  of  (7) 
does  not  any  longer  contain  stress  derivatives  (for  details 
see  Coet  and  Benay,  1986).  In  addition,  we  have: 


Dk 

Dt 


-  Difm  =  p,-€ 


so  that,  one  obtains  an  algebraic  non  linear  system  for  the 


stresses  uju^  which  can  be  computed  from  k,  «  and  the 
space  derivatives  of  the  mean  field.  For  a  two  dimensional 
flow  this  system  is  written: 


du 


dx 


-(-  ai  u' 


+  Qj  v'^  -t-  Oj  u'u'  — 


u'*  u'v'  d  u 
k  dy 


?e(C,  -1)  =  0 


d  u 


dy 


-€(C,-1)=0 


u'*  ^  -1-  7i  u'*  +  7j  v'*  +  7j  u'v'  - 


The  coefficients  Oj,  di  and  7*  will  not  be  explicited  here, 
their  expression  can  be  found  elsewhere  (Bur,  1991) 


3.  TWO-DIMENSIONAL  FLOWS 

3.1  Tiransonic  Interactions 

3.1.1  General  Flow  Conditions 

One  of  the  first  experimental  investigations  of  transonic 
interaction  making  a  thorough  use  of  LDV  to  perform  a 
detailed  analysis  of  the  flowfield  was  executed  in  the  test 
set  up  represented  in  Fig.  2  (Delery,  1983).  It  is  con¬ 
stituted  by  a  nominally  two-dimensional  channel  with  a 
span  b  equal  to  120mm  and  an  entrance  height  of  100mm. 
Interchangeable  nozzle  blocks,  or  bumps,  can  be  mounted 
in  the  working  section  with  a  view  to  accelerating  the 
flow  up  to  slightly  supersonic  velocities.  A  second  throat, 
of  adjustable  cross  section,  is  placed  at  the  test  section 
outlet  making  it  possible,  firstly  to  produce,  by  choking 
effect,  a  shock  wave  whose  position,  and  hence  intensity, 
can  be  adjusted  in  a  continuous  and  precise  manner,  sec¬ 
ondly  to  isolate  the  flowfield  under  study  from  pressure 
perturbations  emanating  from  downstream  ducts.  Such  a 
device  notably  reduces  unwanted  large  shock  oscillations. 
In  these  experiments,  the  two  component  version  of  the 
LDV  system  was  used  to  probe  the  boundary  layer  along 
vertical  lines,  normal  to  the  downstream  rectilinear  wall. 
The  channel  was  installed  in  the  test  section  of  the  ON- 
ER.4  SSCh  continous  wind  tunnel  which  is  supplied  with 
dessicated  atmospheric  air,  with  the  stagnation  condi¬ 
tions  as  follows:  pressure  p,t  =  95kFa,  temperature: 

T.i  =  300Jf.  The  Reynolds  number,  computed  with  the 
sonic  state  and  with  a  length  L  =  100mm,  equal  to  the 
channel  height  in  the  entrance  section,  had  the  value: 
=  13.710*. 

The  shock  wave/boundary  layer  interactions  under  study 
took  place  on  the  lower  wall  of  the  channel  at  a  station 
where  the  undisturbed  turbulent  boundary  layer  was  fully 
turbulent  with  a  thickness  So  of  several  millimeters  (from 
3  to  5mm,  depending  on  the  channel  arrangement).  The 
"aspect  ratio”  b/So  is  equal  to  30.  This  value  seems  high 
enough  to  minimize  three-dimensional  effects  in  the  case 
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of  flows  without  large  separation,  where  the  thickening 
of  the  boundary  layer  during  the  interaction  process  is 
moderate.  When  an  extended  separated  region  forms, 
the  local  ratio  hji  decreases  more  significantly,  and  sur¬ 
face  flow  visualizations  show  a  rather  strong  distortion  of 
the  reattachment  line.  However,  the  presence  of  three- 
dimensional  effects  is  not  thought  to  alter  radically  the 
general  features  of  the  flow  and  the  behaviour  of  turbu¬ 
lence.  Thus,  the  information  obtained  can  be  used  as  a 
guide  to  improve  the  modelling  of  two-dimensional  flows. 

Four  basic  interactions,  of  variable  strength,  were  inves¬ 
tigated.  Here  we  will  consider  only  two  of  them,  corre¬ 
sponding  to  incipient  separation  at  the  shock  foot  and  to 
the  formation  of  an  extended  separated  zone.  The  "wall" 
Mach  number  distributions  are  plotted  in  Fig.  3  with  in¬ 
dication  of  the  locations  of  the  vertical  LDV  explorations 
(the  "wall”  Mach  number  A/*  is  deduced  from  the  pres¬ 
sure  measured  at  the  wall  by  a^uming  an  isentropic  rela¬ 
tion  and  the  reduced  abscissa  X  is  the  distance  from  the 
mteraction  origin  Xu  scaled  to  the  displacement  thickness 
dg  of  the  boundary  layer  at  X^). 

Flow  A  :  Incipient  Shock  Induced  Separation.  For 
this  case,  the  test  section  was  equipped  with  a  symmetri¬ 
cal  converging  -  diverging  supersonic  nozzle  whose  contour 
was  designed  to  produce  a  uniform  flow  having  a  nomirral 
Mach  number  equal  to  1.4.  The  nearly  normal  shock  wave 
is  situated  near  the  end  of  the  diverging  part  of  the  nozzle 
at  a  station  where  the  Mach  number  M,a  <4  the  bound¬ 
ary  layer  edge  is  equal  to  1.30.  The  values  of  and  of 
the  incompressible  shape  parameter  of  the  boundary  layer 
Ifio,  in  the  present  case,  correspond  to  a  situation  which 
nearly  coincides  with  incipient  shock  induced  separation 
(Delery  and  Marvin,  1986). 

Flow  C  :  Extended  Separation.  Here,  the  transomc 
flow  is  produced  in  an  asymmetrical  channel  where  a  bump 
is  mounted  on  the  lower  wall  of  the  wind  tunnel  test  sec¬ 
tion.  This  bump  has  a  maximum  height  of  12mm  and 

a  length  of  286,4nun.  Its  contour  is  made  up  of  a  rec¬ 
tilinear  upstream  part  with  a  slope  of  4*  connected  to  a 
circular  arc  extending  down  to  the  trailing  edge  of  the 
bump.  The  interaction  takes  place  at  a  location  where 
the  maximum  Mach  number  in  the  flow  is  equal  to  1.42. 
The  shock  is  strong  enough  to  induce  boundary  layer  sep¬ 
aration  upstream  of  the  bump  trailing  edge  at  a  location 
where  the  Mach  number  at  the  boundary  layer  edge  is 
Mto  =  1.37.  An  extended  separation  bubble  forms  due  to 
the  wall  curvature  effect  as  is  evidenced  by  the  plateau  in 
the  wall  pressure  distribution. 

3.1.2  Mean  Flow  Properties 

Some  of  the  mean  streamwise  velocity  profiles  mea¬ 
sured  across  the  dissipative  layers  are  shown  in  Figs.  4a 
and  4b.  The  distance  to  the  wall  Y  is  scaM  to  the  dis¬ 
placement  thickness  SJ  and  the  component  u  to  the  value 

of  u  at  the  boundary  layer  edge.  The  corresponding 
mean  flow  strea  -.lines  are  represented  in  Figs.  Sa  and  5b. 
For  flow  A  (incipient  separation),  one  observes  at  first  a 
strong  distortion  of  the  profiles;  yet,  no  negative  values 
of  u  are  measured.  If  separation  actually  occurs,  it  con¬ 
cerns  a  very  small  fraction  of  the  flow  too  close  to  the 
wall  to  be  detected  by  the  present  measurements  After 
a  maximum  retardation  effect  taking  place  at  Af  =  56, 
turbulent  viscous  forces  entail  a  gradual  acceleration  of 


the  fluid  in  the  inner  part  of  the  boundary  layer  whose 
thickness  increases  continuously  and  moderately  during 
the  interaction  process. 

In  flow  C  (extended  separation),  a  large  separated  bubble 

exists  with  a  maximum  velocity  u  /  u  ,  equal  to  —0.2. 
In  the  present  situation,  the  vertical  extent  of  the  bub¬ 
ble  is  specially  important,  as  shown  by  the  tracing  of 
the  streamlines  in  Fig.  5b.  Reattachment  takes  place 
at  X  =  135;  downstream  of  this  station  a  rapid  rehabil¬ 
itation  of  the  flow  occurs  with  the  filling  of  the  profiles 
and  the  tendency  of  the  dissipative  layer  towards  a  new 
equilibrium  state.  In  this  case,  one  observes  a  dramatic 
increase  of  the  boundary  layer  thickness  which  is  nearly 
multiplied  by  ten  between  Xo  and  the  last  downstream 
station. 


3.1.3  TurbuJence  Properties 

The  profiles  of  the  turbulence  kinetic  energy  k  are 
plotted  in  Figs.  6a  and  6b  (k  ia  scaled  to  the  square 
of  the  sound  velocity  for  stagnation  conditions  a,i).  The 
kinetic  energy  k  has  been  evaluated  by  the  formula: 


t  =  i  +  u'* 

where  lu'*  was  taken  equal  to  |  ^  u'*  ^ ,  since  the 

transverse  velocity  component  w  was  not  measured.  For 
the  two  flows  there  is  a  very  large  increase  of  k  in  the  first 
pint  of  the  interaction  process,  near  the  shock  foot. 

The  profiles  of  the  non  dimensional  Reynolds  shear 

stress  —  u'u'  /aj,  axe  plotted  in  Figs.  7a  and  7b.  Like 
the  k-ptofiles,  these  distributions  are  characterized  by  a 
well  defined  maximum,  which  is  well  detached  from  the 
wall. 


A  more  instructive  idea  of  the  variations  of  the  turbu¬ 
lent  properties  during  the  interaction  process  is  given  by 
plotting  the  streamwise  evolution  of  some  typical  quan¬ 
tities.  Thus,  Fig.  8  shows  the  X-wise  variation  of  the 
maximum  turbulence  kinetic  energy  and  Reynolds  shear 
stress.  The  locations  of  the  separation  (S)  and  reattach¬ 
ment  (R)  points  are  indicated  on  the  curves.  There  is  a 
very  large  production  of  turbulence  in  the  initial  part  of 
the  interaction,  near  the  shock  foot.  This  production  is 
enhanced  when  separation  occurs;  then  k  tends  to  a  maxi¬ 
mum  level  knax which  is  between  eight  and  nine  times  the 
initial  level  of  the  undisturbed  boundary  layer.  For  flow 
C,  kmmi  starts  to  decrease  upstream  of  the  reattachment 
point  R.  Downstream  of  R,  the  turbulence  kinetic  energy 
diminishes  rather  slowly  and  tends  gradually  to  a  new 
equilibrium  state.  The  shear  stress  grows  at  a  slower  pace 
than  k,  and  reaches  its  maximum  value  downstream  of  the 
station  where  k  culminates.  For  the  separated  flow,  the  lo¬ 
cation  of  maximum  shear  stress  nearly  coincides  with  the 
reattachment  point;  there  the  shear  stress  has  reached  a 
level  which  is  ten  times  the  maximum  initial  value. 


Streamwise  variations  of  the  maximum  RMS  quantities 

V^/a..  and  are  plotted  in  Fig.  9.  In  the 

upstream  part  of  the  interaction,  the  streamwise  fluctu¬ 
ations  are  seen  to  exceed  the  vertical  fluctuations  by  a 


factor  of  3,  in  contrast  to  a  mixing  layer  where 
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only  30%  higher  than 


The  large  increase  in  the 


aonnal  stress  u'*  is  to  be  expected  if  one  considers  the 


production  term  of  the  u'*  transport  equation  (written 
here  for  an  incompressible  flow,  compressibility  effects  be¬ 
ing  weak  in  transonic): 


P  =  -2u'v'  ^  “ 
'  dY 


In  the  first  part  of  the  interaction  process,  the  term  in¬ 
volving  the  streamwise  derivative  d  u  /dX  is  as  large  as 
the  term  involving  the  striun  rate  d  u  /dY  due  to  the 
strong  retardation  of  the  whole  flow.  Thus,  P.  is  here 
the  sum  of  two  large  positive  terms.  On  the  other  hand, 

the  production  mechanism  for  involves  terms  whose 
magnitude  is  far  less  important  since; 


P  =  2u'u'  ^  ^  ^ 

ax  dY 


The  derivative  d  v  jdX  is  small,  d  v  /dY  is  (nearly)  equal 
to  — d  u  jdX,  so  that  the  second  term  tends  to  decrease 

production  in  the  first  region  of  the  interaction  where 
a  u  /ax  is  everywhere  negative.  Farther  downstream, 
a  larger  and  larger  part  of  the  dissipative  layer  is  accel¬ 
erated,  which  explains  the  latter  growth  of  u'*  .  FVir- 
ther  downstream,  v'^  is  still  increasing  when  has 
started  to  diminish,  so  that  v'^  reaches  its  highest  level 
well  downstream  of  the  maximum  u'*  location.  Proceed¬ 
ing  still  further  downstream,  u'^  and  v'^  become  quite 
comparable. 

Such  a  strong  anisotropy  of  the  flow  can  play  a  signifi¬ 
cant  role  in  the  mechanism  of  turbulence  kinetic  energy 
production.  For  an  incompressible  flow,  and  if  the  term 
involving  the  derivative  9  v  /aX  is  neglected,  the  produc¬ 
tion  term  of  the  k  transport  equation  is: 


The  first  term,  representing  production  by  shear  stress,  is 
most  often  predominant  in  shear  layer  and/or  boundary 
layer  flows  so  that  it  is  only  retained  in  predictive  meth¬ 
ods.  An  evaluation  of  the  two  production  terms  shows 
that  production  due  to  normal  stresses  is  as  high  as 
production  due  to  the  shear  stress  over  a  streamwise  dis¬ 
tance  which  is  of  the  order  of  and  which  grossly  cor¬ 
responds  to  the  region  of  steepest  axial  pressure  gradient, 

where  there  is  a  general  retardation  of  the  flow  (9  u  /9Jf 
negative).  Downstream,  the  normal  stresses  contribution 
becomes  rapidly  negligible  again. 

The  above  turbulence  measurements  also  show  the  ne¬ 
cessity,  in  the  shock  foot  region,  to  take  into  account  the 
Reynolds  normal  stresses  in  the  momenttun  equation.  For 
an  incompressible  flow,  the  terms  involving  the  Reynolds 
stresses  are  of  the  form: 


In  the  very  first  part  of  the  interaction,  the  X-derivatives 
of  the  normal  stresses  can  be  higher  than  the  shear  stress 
Y-derivatives.  Far  downstream,  the  normal  stresses  influ¬ 
ence  becomes  negligible.  Similar  observations  were  made 
near  the  sepiuration  of  an  incompressible  turbulent  bound¬ 
ary  layer  (Simpscm  et  al.,  1977). 

The  whole  history  of  the  interacting  dissipative  layer  can 
be  depicted  by  plotting  the  square  root  of  the  maximum 
shear  stress  coefiBcient 


2(-  p  uV  y 

against  the  equilibrium  shape  parameter  J  =  1  —  l/H,. 
A  function  G  based  on  the  maximum  shear  stress  can  be 
defined  which  will  be  constant  for  all  equilibrium  incom¬ 
pressible  boundary  layer  flows  and  equal  to  the  flat  plate 
value  (East  and  Sawyer,  1980).  Thus  G: 


Gm 


Hi -I 
H,y/C7Jl 


6.55 


specifies  the  straight  line  in  Fig.  10.  The  unique  rela¬ 
tion  between  G  and  Cr  expresses  the  fact  that  the  shear 
stress  depends  only  of  the  shape  of  the  velocity  distribu¬ 
tion,  which  is  the  basic  assumption  of  equilibrium  models 
(see  Section  2.3.1).  If  one  plots  against  J  for  the 
present  flows  (a  third  interaction,  not  examined  here,  has 
been  added  in  the  figure),  the  experimental  points  fall 
below  the  equilibrium  bcus  in  the  first  part  of  the  inter¬ 
action,  indicating  that,  during  this  rapid  interaction  pro¬ 
cess,  there  is  a  departure  from  equilibrium  characterized 
by  a  lag  of  the  shear  stress.  Then,  as  a  consequence  of 
the  continuous  increase  of  Cr,  whereas  J  passes  through 
a  maximum  and  then  decreases,  the  corresponding  curve 
bend  and  cross  the  equilibrium  locus  at  a  point  whose 

location  is  a  function  of  the  intensity  of  the  destabilizing 
agency.  Thereafter,  the  points  are  above  the  equilibrium 
locus  and  reach  a  new  situation  of  mMiTnnin  departure 
from  equilibrium.  Downstream  of  this  station,  and  in  the 
absence  of  a  new  perturbation  (no  pressure  gradient),  the 
flows  relax  towards  a  new  equilibrium  state.  In  the  course 
of  this  last  process,  the  representative  points  follow  a  com¬ 
mon  trajectory  leading  to  the  equilibrium  locus. 

3.1.4  Validation  of  Turbulence  Models 
Flow  A  :  Incipient  Separation.  The  pressure  dis¬ 
tributions  on  the  wall  given  by  the  algebraic  equilibrium 
models  (Michel  et  al.,  Alber,  Baldwin-Lomax)  are  plotted 
in  Fig.  11.  For  this  moderately  strong  interaction,  where 
no  separated  bubble  of  appreciable  size  forms,  the  three 
models  lead  to  almost  the  same  results  for  p(x)  which  are 
in  poor  agreement  with  experiment.  Thus  the  steepness 
of  the  compression  occurring  in  the  initial  part  of  the  in¬ 
teraction  is  highly  overestimated. 

Let  us  now  consider  the  models  with  history  effects 
(Johnson-King,  [k,e]  and  ASM).  The  wall  pressure  distri¬ 
butions  in  Fig.  12  show  a  substantially  improved  pre¬ 
diction,  in  particular  for  the  ASM  which  nearly  coincides 
with  the  experimental  results.  The  agreement  is  not  as 
good  for  Johnson-King’s  model  and  the  [k,ej  model  whose 


results  are  nearly  the  same  here. 

Figure  13  shows  the  rerlucetl  mean  velocity  distributions 
u/uo(uois  the  mean  velocity  corresponding  to  the 
Mach  number^Meo)  for  several  stations  spaced  between 
^  ~  ^  —  202.5.  The  three  equilibrium  models 

lead  to  almost  identical  results  and  the  prohles  computed 
are  -  as  regards  their  shape  -  in  good  agreement  with 
the  experimental  results.  However,  the  velocity  level  at 
the  edge  of  the  boundary  layer  is  underestimated,  which 
is  the  reason  for  the  excessive  recompression  mentioned 
above.  The  defective  fom^of  the  external  part  the 
first  computed  profile  (at  X  =  15),  which  belongs  to  a 
region  located  at  the  foot  of  the  shock,  should  be 
noted.  In  this  case,  the  difference  can  be  explained  by  the 
normal  pressure  gradient  effect  not  taken  into  account  in 
the  equations  used.  The  same  defficiency  is  observed  in 
all  the  other  computations  presented. 

The  velocity  profiles  obtained  with  the  models  including 
a  history  effect  are  shown  in  Fig.  14,  where  the  following 
trends  can  be  seen  for  the  threu  models: 

-  In  the  initial  part  of  the  interaction,  the  computation 
predicts  too  strong  a  deceleration  near  the  wall. 

-  Further  downstream,  in  the  so-called  rehabilitation  re¬ 
gion,  the  computed  profiles  imperfectly  reproduce  the  rapid 

fiUing  of  the  experimental  distributions  in  the  immediate 
vicinity  of  the  wall. 

-  Also,  downstream,  the  real  boundary  layer  thickens  more 
than  is  predicted  by  computation. 

Figure  15  shows  the  normalized  Reynolds  stress  profiles 

-  u'u'  /  u  Q  for  the  equilibrium  models.  As  a  general  rule. 

these  models  higUy  overestimate  the  growth  of  -  u'v'  up 
to  the  abscissa  X  =  40.  The  trends  are  then  reversed, 
as  the  experimental  results  catch  up  with  and  overtake 
the  theoretical  results.  Thus,  the  slow  relaxation  of  tur¬ 
bulence  downstream  of  the  interaction  region  is  poorly 
predicted,  as  the  classical  algebraic  models  predict  too 
fast  a  decrease  in  the  shear  stress  levels  The  distribu¬ 
tions  of  —  u'u'  predicted  by  the  models  with  history  ef¬ 
fect  are  shown  in  Fig.  16.  In  the  upstream  part  of  the 
interaction,  a  substantial  improvement  can  be  noted  with 
respect  to  the  previous  models,  which  is  probably  a  reason 
for  a  much  better  prediction  of  the  wall  pressure  distribu¬ 
tion.  F'or  instance,  the  highly  overestimated  maximum  of 

-  u'u'  in  this  region  no  longer  occurs  (on  this  point,  the 
[k,e]  model  performs  least  well).  However,  no  model  sat¬ 
isfactorily  reproduces  the  slow  decrease  of  the  turbulent 
shear  stress  in  the  downstream  part  of  the  interaction. 
The  least  unsatisfactory  result  is  given  by  the  ASM. 

Flow  C  :  Extended  Separation.  In  this  case,  a  Iruge 
crosswise  separation  bubble  forms,  which  constitutes  a 
difficult  case  for  predictive  methods.  The  wall  pressure 
distribution  p(x)  computed  with  algebraic  equilibrium  mo¬ 
dels  are  plotted  in  Fig.  17.  The  model  of  Michel  et  al. 
leads  to  much  too  high  a  recompression,  and  the  beginning 
of  the  typical  plateau  of  an  interaction  with  separation  is 
not  visible.  It  should  be  mentioned  that  this  model  was 
developed  to  compute  boundary  layers  subjected  to  mod¬ 
erately  adverse  or  favorable  pressure  gradients  and  that  it 
does  not  contain  any  special  adaptation  for  representing 
separated  flows.  Because  of  its  change  in  the  formulation 
of  Pi  made  as  soon  as  separation  occurs,  Alber's  model 


substantially  improves  the  prediction.  The  double  inflec¬ 
tion  in  the  p(x)  can  now  be  seen.  Baidwin-Lomax’s  model 
also  leads  to  a  certain  improvement,  but  more  limited.  In 
a  g'*neraJ  way,  the  theoretical  curves  are  far  from  the  ex¬ 
periment,  and  they  all  indicate  far  too  high  a  compression 
at  the  beginning  of  interaction.  In  addition,  the  level  of 
the  plateau  -  when  it  is  predicted  -  is  highly  overestimated. 

The  wall  pressure  distributions  predicted  with  the  non¬ 
equilibrium  models  are  plotted  in  Fig.  18.  The  theoreti¬ 
cal  results  agree  increasingly  well  with  the  measurements 
considering  the  Johnson-King  model,  the  [k,e]  model,  the 
ASM  in  succession.  The  result  obtained  with  the  ASM  is 
even  spectacular,  both  the  plateau  and  downstream  levels 
being  correctly  predicted. 

The  velocity  profiles  u  /  u  o  are  plotted  in  Figs.  19 
and  20.  Their  shapie  is  predicted  poorly  by  the  three 
equilibrium  models,  both  in  the  separated  region  where 
the  amount  of  reversed  flow  is  underestimated,  and  down¬ 
stream  of  reattachment  where  the  profiles  are  not  enough 
filled.  In  spite  of  a  cletu-  improvement,  the  models  with 
history  effects  also  exhibit  defficiencies  such  as  an  under¬ 
estimation  of  the  reversed  flow  amplitude,  too  slow  a  fill¬ 
ing  near  the  wall  downstream  of  reattachment  and  a  too 
smah  thickening  of  the  boundary  layer. 

The  shear  stress  distributions  computed  with  the  equi¬ 
librium  models  (see  Fig.  21)  exhibit  the  same  defects  as 
was  already  observed  for  flow  A,  but  more  pronounced. 
There  is  a  relatively  good  agreement  in  the  first  part  of  the 
interaction  up  to  X  =  77  for  the  model  of  Michei  et  al.;  be¬ 
yond  that,  the  theoretical  levels  start  decreasing,  whereas, 

in  reality,  the  maximum  shear  stress  —  (  u'u'  j  con- 

tinues  to  increase  up  to  the  station  X  =  125.5.  FUrther 
downstream,  the  difference  between  the  theoretical  and 
experimental  results  is  even  larger.  The  general  level  of 
shear  stress  is  largely  underestimated,  as  also  the  Y-wise 
diffusion  of  turbulence.  As  far  as  models  with  history  ef¬ 
fects  are  concerned  (see  Fig.  22),  they  are  still  far  from 
being  fully  satisfactory.  As  for  the  [k,t]  model  and  the 
ASM.  the  prediction,  although  good  in  the  upstream  part 
of  the  interaction,  strongly  underestimates  the  maximum 
levels  reached  during  the  interaction.  In  addition,  the  re¬ 
laxation  is  still  much  too  fast.  However,  in  this  case  where 
the  flow  was  explored  down  to  stations  far  downstream 
of  the  interaction  region,  a  good  agreement  between  the 

computed  and  measured  —  I  u'u'  j  is  again  observed 

-  ,  ”»«Z 

for  the  most  distant  stations,  but  the  lateral  diffusion  re- 
mains  poorly  represented. 

3.2  Supersonic  Interactions 
3.2.1  General  Flow  Conditions 

The  main  objective  of  the  present  investigation  was  to 
characterize  the  effect  of  the  wall  temperature  on  the  in¬ 
teraction  resulting  from  the  reflection  of  an  oblique  shock 
wave  on  a  turbulent  boundary  layer.  Information  is  avail¬ 
able  on  interactions  taking  place  on  a  cold  wall,  this  case 
corresponding  to  the  situation  met  on  a  hypersonic  vehi¬ 
cle  where  the  surface  temperature  is  much  lower  that 
the  outer  flow  stagnation  temperature  T.i,.  Then,  it  is 
found  that  wall  cooUng  tends  to  contract  the  streamwise 
extent  of  the  interaction  and  to  preveui  the  development 
of  an  extended  sepsu-ated  region  (Lewis  et  al.,  1967;  Kil- 
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burg  and  Kotansky,  1969;  Spaid  and  Frishett,  1972),  The 
opposite  caae,  where  the  wall  is  heated,  has  practically 
not  been  investigated,  except  for  small  temperature  dif¬ 
ferences,  although  this  situation  may  occur  on  an  after- 
boby  heated  by  hot  propulsive  jets,  for  example.  For  this 
reason,  it  was  worthwhile  to  examine  the  interaction  be¬ 
tween  an  oblique  incident  shock  wave  and  the  boundary 
layer  developing  on  a  strongly  heated  plate.  In  fact,  it  is 
more  usual  to  compare  the  wall  temperature  T„  with  the 
recovery  temperature  T,  which  is  the  temperature  of  the 
wall  when  adiabatic  equilibritun  is  reached. 

These  experiments  have  been  executed  in  the  ONERA 
SSCh  continuous  wind  tunnel  (xi  the  experimental  ar¬ 
rangement  sketched  in  Fig.  23.  The  test  section,  whose 
span  is  equal  to  SOOrnm,  was  equipped  with  a  contoured 
nozzle  block  producing  a  uniform  supersonic  flow  of  Mach 
number  A/,,  =  2.4.The  test  section  symmetry  plane  was 
in  two  parts: 

-  the  upstream  part  was  a  flat  plsite  made  of  aluminium 
alloy  which  took  the  equilibritun  recovery  temperature  T,; 

-  the  central  part  was  a  copper  plate  heated  by  21  electri¬ 
cal  resistors  permitting  to  maintain  the  plate  at  a  given 
temperature  Tw  with  a  maximum  surface  non-uniformity 
of  The  maximum  allowable  temperature  level  was 
equal  to  600ft.  During  the  teats,  the  heating  system  was 
regulated  so  as  to  keep  constant  the  value  of  the  ratio 
T„/T,. 

The  working  plate  was  equipped  with  66  pressure  taps 
and  24  thermocouples  to  check  its  temperature  unifor¬ 
mity.  Also,  it  ccxnprised  8  orifices  allowing  the  passage 
of  presstue  and  temperature  probes  actuated  by  an  auto¬ 
mated  displacement  device.  When  not  in  operation,  the 
passages  were  obturated  by  plugs.  To  insiue  a  fully  tur¬ 
bulent  boundary  layer  in  the  interaction  region,  transition 
was  triggered  by  a  wire  located  430mm  upstream  of  the 
heated  region. 

The  shock  generator  was  constituted  by  a  flat  plate  with  a 
sharp  leading  edge  mounted  above  the  working  wall  with 
an  angle  of  incidence  a.  The  shock  generator  had  a  length 
of  220mm  and  entirely  spanned  the  test  section.  The 
strength  of  the  shock  could  be  varied  by  changing  the 
incidence  a  of  the  generator  which  could  rotate  about  an 
axis  coincident  with  its  leading  edge. 

The  flow  in  the  interaction  region  has  been  thoroughly  ex¬ 
plored  by  mesna  of  2.“'v  i-ualizatiors  ( *n  rhc^'k  its 

two-dimensionality),  surface  pressure  measurements,  de¬ 
tailed  probings  by  Pitot,  static  pressure,  stagnation  tem¬ 
perature  probes  and  two-component  LDV  (for  a  more  de¬ 
tailed  information,  see  Delery,  1992).  Thus  all  the  flow 
quantities  (static  pressure,  total  pressure,  stagnation  tem¬ 
perature,  velocity  and  Reynolds  stresses)  have  been  di¬ 
rectly  determined. 

Four  interactions  were  investigated,  corresponding  to  the 
following  conditions: 

-  Shock  generator  incidence  :  a  =  5*  ;  temperature  ratios: 
Tu,/Tr  —  1  (adiabatic  reference  case)  and  2.  An  angle  of 
5*  corresponds  to  incipient  shock  indu  ^  1  separation  in 
the  adiabatic  case. 

-  Shock  generator  incidence  :  a  =  8.75’;  temperature 
ratios:  T„/Tr  =  1  and  2.  In  this  cttfe,  an  extended  sepa¬ 
rated  region  forms  at  the  shock  foot. 

The  upstream  flow  conditions  and  the  properties  of  the 
initial  boundary  layer  are  given  in  the  following  table. 
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fZ«  designates  the  unit  Reynolds  number,  6  the  bound¬ 
ary  layer  momentum  thickness  and  Jf,  its  imcompressible 
shape  parameter. 

3.2.2  Mean  Flow  Properties 

Surface  Pressure  Distributions.  The  pressure  distri¬ 
butions  measured  for  a  =  5*  are  plotted  in  Fig.  24.  It  is 
observed  that  the  compression  curve  is  much  more  spread 
when  the  plate  is  heated.  In  addition,  this  curve  exhibits 
the  three  inflection  points  typical  of  an  interaction  with 
separation.  In  the  downstream  part  of  the  interaction  do¬ 
main,  the  two  distributions  override  the  perfect  fluid  level 
before  tending  towards  the  theoretical  perfect  fluid  pres¬ 
sure  rise.  This  "overshoot”,  which  is  always  observed  in 
shock  wave  -  boundary  layer  interactions  of  weak  to  mod¬ 
erate  strength,  is  due  to  the  coupling  between  the  invis- 
cid  and  viscous  parts  of  the  flow  (see  Delery  and  Marvin, 
1986). 

Figure  25  shows  the  wall  pressure  distributions  corre¬ 
sponding  to  o  =  8.75®.  These  curves  are  typical  of  an 
interaction  with  formation  of  an  extended  separated  re¬ 
gion,  as  indicated  by  the  existence  of  a  plateau  follow¬ 
ing  the  rapid  pressure  rise  accompanying  the  separation 

process.  One  notes  that  the  interaction  domain  is  far 
more  extended  when  the  wall  is  heated,  its  origin  being 
30mm  more  upstream  than  in  the  adiabatic  case,  which 
represents  4  times  the  thickness  So  of  the  initial  boundary 
layer.  Then,  the  plateau  extends  on  a  longer  distance,  the 
pressure  ctuve  in  the  reattachment  region  being  weakly 
affected.  This  deformation  of  the  pressure  distribution 
excludes  a  simple  change  in  the  scale  of  the  phenomenon 
which  would  result  from  a  thickening  of  the  initial  bound¬ 
ary  layer  displacement  thickness  SJ.  Indeed,  according  to 
this  interpretation,  wall  heating  -  as  well  as  wall  cooling 
-  could  be  taken  into  account  by  normalizing  the  size  of 
the  interaction  domain  with  Sq,  which  strongly  depends 
on  the  wall  temperature.  This  conclusion  appears  to  be 
wrong  (see  Delery,  1992).  In  the  two  cases  (adiabatic 
and  heated  wall  conditions),  the  pressure  distributions  go 
through  a  maximum  -  nearly  equal  to  the  perfect  fluid 
downstream  level  -  before  decreasing  markedly.  This  de¬ 
crease  is  due  to  the  reflection  on  the  working  wall  of  the 
expansion  fan  emanating  from  the  trailing  edge  of  the 
shock  generator.  Furthermore,  a  closer  examination  of 
the  results,  shows  that  the  pressure  gradients  are  less  in¬ 
tense  when  the  wall  is  heated,  especially  at  separation. 

Flow  Field  Mach  Number.  FVom  the  measurement  of 
the  flow  velocity,  by  means  of  the  LDV  system,  and  of 
its  stagnation  temperature  T,i,  by  temperature  probes,  it 
was  possible  to  determine  the  local  values  of  the  Mach 
number,  from  which  the  lines  of  constant  Mach  niunber 
have  been  computed.  The  iso  Mach-lines  of  the  flow  re¬ 
sulting  from  interactions  at  a  =  5®  are  traced  in  Fig.  26, 
and  those  corresponding  to  a  =  8.75®  in  Fig.  27.  In  each 
figure,  a  different  mode  of  tracing  allows  to  distinguish  the 
subsonic  part  of  the  flow.  On  these  figures,  interest  has 
been  placed  on  the  boundary  layer  part  of  the  flow,  which 
explains  the  poor  definition  of  the  invisdd  flow  structure, 
where  the  different  wave  systems  are  barely  visible. 
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For  the  two  incident  shock  intensities,  wall  heating  pro¬ 
vokes  an  obvious  dilatation  of  the  subsonic  part  of  the 
boundary  layer,  the  sonic  line,  which  is  very  close  to  the 
wall  in  the  adiabatic  case,  rising  up  in  the  boundary  layer 
when  heating  is  applied.  This  effect  is  explained  by  the 
fact  that  the  velocity  is  almost  unaffected  by  the  wall 
temperature  (except  in  the  immediate  vicinity  of  the  sur¬ 
face),  whereas  the  local  speed  of  sound  is  much  increased, 
hence  a  diminishing  of  the  local  Mach  number.  At  reat¬ 
tachment,  the  compression  is  much  more  spread  out  when 
the  wall  is  heated.  Thus,  a  rise  in  the  wall  temperature 
tends  to  increase  the  streamwise  extent  of  the  interaction, 
as  already  noticed  from  the  wall  pressure  distributions. 

Flow  Streamlines.  The  structure  of  the  flow  generated 
by  the  interaction  is  also  well  visualized  by  the  tracing  of 
the  mean  flow  streamlines  which  are  defined  here  as  lines 
of  constant  value  for  the  streamfunction: 


where  quantities  pji,,  u  a  and  6a  are  introduced  fco-  nor¬ 
malization  purposes. 

The  streamlines  relative  to  the  case  a  =  b"  are  shown  in 
Fig.  28.  Here  also,  the  more  important  dilatation  of  the 
boundary  layer  occurring  when  the  wall  is  heated  appears 
clearly.  However,  in  this  case,  no  negative  values  of  'F  are 
detected.  On  the  other  hand,  for  or  =  8.75*  (see  Fig.  29), 
a  recirculation  region  where  streamlines  are  closed  curves 
is  well  visible,  the  size  of  this  "bubble”  being  amplified 
when  the  wall  is  heated. 

The  observed  above  tendencies  are  in  agreement  with  ob¬ 
servations  made  for  cooled  wall  situations,  in  which  the 
opposite  trends  are  noted.  In  the  framework  of  Chap¬ 
man’s  Free  Interaction  Theory  (Chapman's  et  al.,  1958), 
the  streamwise  extent  of  a  strongly  interacting  flow  can 
be  scaled  by  a  length  L  obeying  a  law  of  the  form: 


L~ 
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Thus,  since  heating  the  wall  tends  both  to  increase  6g  and 
to  decrease  (weakly)  the  skin  friction  coefficient  Cf,,  the 
observed  trends  are  in  agreement  with  this  analysis.  How¬ 
ever,  the  retd  effect  is  far  more  important  than  that  pre¬ 
dicted  by  Chapman’n  theory.  So  that  an  other  mechanism 
must  certainly  be  at  work.  It  could  be  the  thicknening  of 
the  subsonic  part  of  the  boimdary  layer  which  permits  a 
longer  upstream  propagation  of  the  pressure  rise  induced 
by  the  reflected  shock  wave. 

3.2.3  Validation  of  Tlirbuience  Models 
In  the  present  investigation,  the  algebraic  model  of 
Baldwin-Lomax,  the  [k,ej  model  and  the  ASM  have  only 
be  considered,  since  they  are  the  most  representative  and 
commonly  used  models  for  the  prediction  of  separated 
flows.  Also,  this  discussion  will  be  restricted  to  the  inter¬ 
action  leading  to  the  formation  of  an  extended  separated 
region  (case  a  =  8.75*),  which  is  the  most  severe  and 
hence  the  most  instructive  (the  complete  results  can  be 
found  in  Benay,  1991). 


Adiabatic  Case.  The  computed  and  measured  wall 
pressure  distributions  are  plotted  in  Fig.  30,  One  sees 
that  the  [k,«j  model  and  the  ASM  yield  comparable  results 
in  the  first  half  of  the  separated  region  located  between 
X  =  100  and  160mm.  However,  the  ASM  seems  to  be 
more  accurate  in  the  plateau  and  reattachment  regions. 
We  observe,  on  the  other  hand,  that  the  Baldwin-Lomtoc 
equilibrium  model  predicts  the  wall  pressure  far  less  well, 
the  defficiencies  being  similar  to  those  noted  in  transonic 
flows  (see  Section  3.1.4).  The  computed  and  measured 
mean  velocity  profiles  for  adiabatic  conditions  are  com¬ 
pared  in  Fig.  31.  As  the  two  non-equilibrium  models 
yielded  almost  identictd  predictions  of  the  velocity  distri¬ 
butions,  only  those  of  the  ASM  are  plotted  in  Fig.  31.  As 
far  as  the  general  shape  of  the  profiles  is  concerned,  agree¬ 
ment  between  theory  and  experiment  can  be  considered 
as  very  good  for  both  models,  although  discrepancies  exist 
for  example  at  station  X  =  110mm  and  in  the  immediate 
vicinity  of  the  wall.  Also,  large  differences  exist  for  station 
X  =  150mm,  which  corresponds  to  the  location  where  the 
incident  shock  penetrates  the  boundary  layer,  thus  mak¬ 
ing  the  basic  boundary  layer  theory  assumption  of  zero 
transverse  pressure  gradient  questionable.  This  remark  is 
also  valid  for  the  interaction  onset,  where  the  compres¬ 
sion  waves  induced  by  the  separation  process,  originate 
well  inside  the  boundary  layer. 

The  shear  stress  profiles  are  plotted  in  Fig.  32  (here 

—  u'v'  is  normalized  by  u  J).  For  the  present  interaction, 
the  algebraic  model  largely  overpredicts  the  shear  stress 
levels,  particularly  in  the  first  part  of  the  interaction.  The 
ASM  leads  to  a  substantial  improvement  in  the  prediction 
up  to  the  reattachment  point,  which  is  located  at  about 
X  =  180mm.  But  this  improvement  becomes  spectacular 
after  the  reattachment  where  the  prediction  is  very  sat¬ 
isfactory.  The  (k,e]  model,  though  it  gives  results  close 
to  those  of  the  ASM  in  the  separated  region,  becomes 
poor  downstream  of  the  reattachment  point,  with  a  ratio 
of  two  between  the  predicted  and  measured  values.  The 
ASM  allowing  also  the  prediction  of  the  normal  stresses, 

the  profiles  of  u'’  are  compared  m  Fig.  33.  If  we  over¬ 
look  a  large  difference  in  the  region  just  downstream  of 
the  point  where  the  shock  penetrates  the  boundary  layer 
(station  X  =  160mm)  -  where  both  the  calculation  and 
the  experiment  are  suspect  -  there  is  a  very  satisfactory 
agreement  between  theory  and  experiment. 

Non  Adiabatic  Case.  The  wall  pressure  distributions 
plotted  in  Fig.  34  show  that,  in  this  case  where  com¬ 
pressibility  effects  are  larger  because  of  heating,  the  ac¬ 
curacy  of  the  two  transport  equation  models  is  degraded 
with  respect  to  the  unheated  case.  On  the  other  hand, 
the  algebraic  model  seems  to  adapt  to  this  situation  un¬ 
harmed,  which  is  probably  due  to  its  greater  simplicity. 
In  effect,  the  parameters  and  relations  defining  the  [k.cj 
model  and  the  ASM  were  defined  for  incompressible  flows, 
which  could  explain  why  they  do  not  behave  as  well  in 
those  cases.  The  cause  of  the  bad  behaviour  of  the  mod¬ 
els  could  also  be  the  greater  extension  of  the  separated 
region.  The  Baldwin-Lomax  algebraic  model,  which  is 
more  global  and  less  accurate  in  the  transonic  domain, 
retains  the  same  order  of  accuracy  in  the  situation  exam¬ 
ined  here.  This  p- jves  that  the  existing  closure  relations 
in  the  case  of  the  transport  equation  models,  specialized 


for  low  Mach  numbers,  have  a  lesser  degree  of  generality 
than  the  turbulent  viscosity  law  of  the  Baldwin-Lomax 
model. 

Comparing  the  mean  velocity  distributions  for  the  alge¬ 
braic  model  (see  Fig  35) ,  we  come  to  the  same  conclusions 
as  in  the  adiabatic  case  though  with  a  smaller  error  in  the 
localization  of  the  separation  point.  The  prediction  of  the 
profiles  in  the  increasing  part  of  the  separated  re^on  is 
good.  The  error  on  the  external  velocity  at  X  —  ISOmm 
(point  of  shock  penetration  into  the  boundary  layer)  no 
longer  appears  at  the  next  station.  This  error  is  in  fact 
due  to  an  uncertainty  on  the  outer  botmdary  condition  at 
this  point.  As  far  as  the  transport  equation  models  are 
concerned,  the  ASM  having  only  be  considered),  all  the 
observations  made  for  the  unheated  plate  remain  valid, 
on  the  whole,  for  the  heated  surface.  The  ASM  is  still 
a  model  that  performs  best  here,  in  predicting  the  mean 
velocities,  with  the  [k,e]  model. 

A  comparative  look  at  the  Reynolds  shear  stress  distri¬ 
butions  (see  Fig.  36)  leads  to  the  same  remarks  as  in  the 
case  where  the  surface  is  not  heated:  the  Baldwin-Lomax 
algebraic  model  gives  poor  prediction  up  to  the  shock  im¬ 
pact,  with  gradual  improvement  in  the  reattachment  re¬ 
gion.  The  .'VSM  yields  a  larger  overestimation  of  the  max¬ 
imum  shear  stress  than  the  Baldwin-Lomax  model  in  the 
separated  region.  Yet  the  shape  of  the  profiles  is  better. 

That  is  the  ordinate  at  which  —  u'v'  vanishes  is  well  pre¬ 
dicted  by  the  ASM  throughout  the  domain,  which  is  not 
true  of  the  Baldwin-Lomax  model,  where  a  permanent 
shift  is  noted  between  computation  and  experiment  for 
the  location  of  this  point.  The  (k,<]  model  aggravates  the 
former  disadvantage  and  yields  an  error  of  100%  between 
the  experimental  and  computed  levels  after  the  reattach¬ 
ment.  It  must  be  emphasized  that  an  uncertainty  remains 
on  the  validity  of  the  experimental  results  in  the  zone  of 
maximum  shear  stress  where  the  measured  distributions 
exhibit  discontinuities  that  were  not  explained. 

The  ASM  predicts  the  normal  tension  distributions  u'^ 
(see  Fig.  37)  quite  well,  except  in  the  area  between  the  in¬ 
cident  shock  and  the  reattachment,  where  the  maximum 
level  is  largely  overestimated.  Interpreting  these  results, 
we  must  also  take  into  accoimt  a  certain  amount  of  inac¬ 
curacy  in  the  measurements. 

All  the  observations  made  in  the  unheated  case,  concern¬ 
ing  the  effect  of  the  Y-wise  variation  of  the  pressure  in 
the  region  of  the  start  of  the  interaction  and  at  the  lo¬ 
cation  where  the  incident  shock  penetrates  the  boundary 
layer,  bold  here  too.  As  the  heating  of  the  surface  has 
the  general  effect  of  amplifying  the  spatial  extent  of  the 
separated  zones,  the  errors  observed  in  the  adiabatic  case 
are  increased,  correlatively  to  the  fact  that  the  domains 
where  the  Prandtl  approximation  does  not  hold  are  now 
more  extensive.  In  these  conditions,  it  is  probable  that  a 
Navier-Stokes  code  would  offer  better  predictions,  espe¬ 
cially  with  the  ASM. 

4.  THREE-DIMENSIONAL  FLOWS 
4.1  Introductory  Remarks 

Although  some  issues  are  still  unsolved  for  two-dimensio¬ 
nal  -  or  axisymmetric  -  interactions,  the  problem  of  tur¬ 
bulence  modelling  in  separated  regions  for  instance,  the 
physics  of  these  flows  is  now  well  understood  and  there 


exists  a  relative  large  number  of  well  documented  exper¬ 
iments  to  validate  the  theoretical  models.  However,  one 
should  be  aware  that  in  almost  all  existing  nominally  two- 
dimensional  experiments,  unwanted  three-dimensional  ef¬ 
fects  are  present  which  can  make  questionable  a  precise 
validation  of  the  models. 

In  reality,  though,  aside  from  a  few  devices  exhibiting 
symmetry  of  revolution,  such  as  nozzles  or  certain  types 
of  air-intake,  the  vast  majority  of  the  flows  trf  practical 
interest  are  three-dimensional.  The  problem  of  the  inter¬ 
action  then  becomes  more  complex  and,  on  the  level  of 
our  physical  understanding  of  the  phenomena  involved, 
clear  pictures  of  interacting  flow  fields  are  not  yet  well  es¬ 
tablished.  The  most  typical  three-dimensional  situations 
are: 

-  The  swept  wedge,  which  represents  the  situation  met  at 
a  control  surface. 

-  The  slanted  shock  creating  an  interaction  on  a  plate  nor¬ 
mal  to  it,  which  corresponds  to  interactions  occurring  on 
the  side  wall  of  an  air-intake.  The  shock  is  here  generated 
by  a  sharp  edged  fin  whose  leading  edge  can  be  swept. 

-  The  fin  induced  interaction,  the  fin  having  a  rounded 
leading  which  can  be  either  normal  or  swept.  This  config¬ 
uration  reproduces  any  situation  where  an  obstacle,  like 
a  tail,  is  placed  in  a  supersonic  flow. 

-  The  transonic  channel,  simulating  the  flow  in  the  region 
of  the  terminal  shock  of  a  supersonic  air-intake  or  in  a 
compressor  cascade. 

The  three  first  configurations  have  already  been  the  sub¬ 
ject  of  careful  investigations  who  gave  important  infor¬ 
mation  about  the  structure  of  such  flows  (Sednay  and 
Kitchens.  1977;  Settles  et  al.,  1980;  Degrez  and  Ginoux, 
1983;  Dolling,  1982;  Alvi  and  Settles,  1990;  Settles  and 
Dolling,  1990,  to  cite  only  a  few  studies  on  these  cases;  see 
also  other  Lectures  of  this  Special  Courses).  Here  we  shall 
concentrate  on  the  fourth  situation  by  considering  an  ex¬ 
periment  in  which  the  flow  in  a  simple  three-dimensional 
channel  has  been  investigated  in  great  detail. 

In  fact,  investigation  of  three-dimensional  flows  is  a  com¬ 
plex  operation  since  then  the  investigator  is  confronted 
with  greater  experimental  difiSculties  and  with  a  mass  of 
results  whose  interpretation  can  be  a  hard  task.  The 
present  Lecture  will  illustrate  this  last  point.  Also,  as 
far  as  the  theoretical  prediction  is  concerned,  its  possi¬ 
bilities  are  still  limited  although  rapid  progress  is  made 
in  modelling  the  phenomena  by  solving  the  Navier-Stokes 
equations. 

4.2  Interaction  in  a  Three-Dimensional  Channel 
4.2.1  General  Flow  Conditions 

The  geometrical  definition  of  the  tested  channel  is  shown 
in  Fig.  38.  It  consists  of  a  converging  -  diverging  section 
with  three  flat  faces,  the  fourth  face  (lower  wall)  bearing  a 
swept  bump.  The  test  section  is  120mm  wide  and  100mm 
high  in  the  inlet  plane.  The  upstream  part  of  the  bump 
is  flat  and  inclined  at  7°  with  respect  to  the  horizontal. 
This  first  portion  is  followed  by  a  contour  of  variable  slop>e, 
beginning  with  a  circular  convex  part  having  a  radius  of 
curvature  of  100mm,  followed  by  a  concave  circular  part 
with  a  radius  of  180mm.  The  two  circular  arcs  are  defined 
so  as  to  insure  slope  continuity  at  the  points  where  they 
interconnect  and  at  the  points  where  they  come  to  contact 
with  the  rectilinear  upstream  and  downstream  parts. 
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The  three-dimensional  effect  is  achieved  by  sweeping  the 
bump  crest  line  30®  from  the  upstream  flow  direction. 
The  maximum  height  of  the  bump  is  20mm  and  its  length 
is  equal  to  3S5mm.  The  generation  is  cylindrical  down¬ 
stream  of  the  crest  line  (for  a  more  complete  definition 
of  the  channel  geometry,  see  Pot  et  al.,  1991).  The  in¬ 
coming  subsonic  flow  accelerates  in  the  converging  part 
of  the  channel  to  reach  a  sonic  state  in  the  vicinity  of  the 
bump  crest,  which  constitutes  a  throat.  The  flow  becomes 
supersonic  downstream  and  then,  because  of  the  choking 
effect  caused  by  an  adjustable  second  throat,  it  deceler¬ 
ates  through  shock  waves  interacting  with  the  boundary 
layers  of  the  channel  walls.  The  test  set  up  is  installed  in 
the  ONERA  SSCh  wind  tuimel  already  used  to  perform 
two-dimensional  transonic  studies  (see  Section  3.1).  Let 
us  recall  that  the  stagnation  conditions  are  the  following; 
pressure  :  p,,  =  92000Pa,  temperature  :  T,j  =  300/t. 
The  Reynolds  number  computed  with  the  sonic  state  and 
taking  the  throat  height  (80mm)  as  reference  length  is  ; 
1.1310*.  Under  these  conditions,  the  boundary  layers  are 
fully  turbulent  well  upstream  of  the  interactions. 

The  four  channel  walls  were  equipped  with  a  total  of  597 
pressure  orifices,  216  being  installed  on  the  lower  wall 
bearing  the  bump,  181  on  the  top  wall,  tind  100  on  each 
side  walls  (for  the  pressure  measurements,  the  side  win¬ 
dows  were  replaced  by  metal  plates  equipped  with  the 
pressure  tapping).  The  skin-fiiction  line  patterns  on  the 
four  faces  of  the  chaimei  were  visualized  by  the  oil  film 
technique.  The  field  measurements  were  executed  by  us¬ 
ing  the  three-component  LDV  system  described  in  Section 
2.1.  The  probe  volume  had  a  useful  diameter  of  200pm. 
In  the  present  arrangement,  the  blue  and  green  beams 
were  emitted  in  a  horizontal  plane,  at  an  angle  of  -24° 
with  respect  to  the  Y  spanwise  axis  and  the  violet  com¬ 
ponent  at  an  angle  of  +25"  with  respect  to  the  Y-axis. 
Thus  the  total  angle  (cr  -t-  d)  is  here  equal  to  49°.  The 
measurements  have  been  executed  along  220  vertical  sta¬ 
tions  contained  in  1 1  longitudinal  planes,  each  comprising 
96  points:  hence  a  total  of  21,120  measurement  points. 

4.2.2  Surface  Flow  Properties 

The  skin-friction  line  pattern  -  or  surface  flow  pattern 

-  provides  a  precious  and  indispensable  help  in  the  un¬ 
derstanding  of  the  physics  of  separated  three-dimensional 
flows.  A  careful  examination  of  the  skin  friction  lines 
and  observation  of  the  critical  points  in  their  pattern  al¬ 
lows  with  the  greatest  certainty  to  define  the  concepts 
of  separation  and  attachment  in  three-dimensional  flows, 
where  these  concepts  are  trickier  to  grasp  than  in  two- 
dimensional  flows. 

The  interpretation  of  the  surface  flow  patterns  is  based 
on  the  Critical  Point  Theory  (Poincare,  1882,  Legendre, 
1936).  Let  us  simply  recall  here  the  possible  existence 
of  isolated  critical  -  or  singular  -  points  where  the  wall 
shear-stress  and  rotational  vector  cancel  each  other  out. 
Of  these  points  we  should  distinguish  (see  sketches  in  Fig. 
39): 

-  Nodes,  through  which  pass  an  infinite  number  of  skin 
friction  lines,  all  but  one  of  them  being  tangent  to  a  com¬ 
mon  direction.  I'  the  skin  friction  lines  are  oriented  to¬ 
wards  the  node,  then  the  node  is  a  separation  node;  if 
they  flow  from  the  node,  it  is  called  an  attachment  node. 

-  Foci,  where  there  is  no  common  tangent  but  an  infinity 
of  skin  friction  lines  spiralling  about  this  point. 


-  Saddle  points,  through  which  only  two  skin  friction  lines 
pass,  with  all  the  others  avoiding  the  singular  pomt  by 
curving  away  from  it  into  one  or  the  other  direction  of 
the  two  particular  skin  friction  lines. 

The  theory  introduces  also  special  fines,  called  separators, 
which  are  defined  as  skin-friction  lines  passing  through  a 
saddle  point.  FVom  a  physical  point  of  view,  a  separator 
(S)  is  identified  either  with  a  separation  line  or  with  an 
attachment  line,  according  to  the  flow  behaviour  in  its 
vicinity.  Also,  one  considers  separation  and/or  attach¬ 
ment  surfaces  which  are  streamsurfaces  intersecting  an 
obstacle  along  a  separator  (for  details,  see  Delery,  1992). 

The  above  concepts  will  be  used  to  interpret  the  surface 
flow  visualizations  on  the  four  faces  of  the  chaimel  which 
allowed  to  draw  the  patterns  shown  in  Fig.  40.  These 
diagrams,  which  represent  certain  skin-friction  fines  with 
the  critical  points  of  the  pattern,  have  been  established 
from  photographs  and  direct  observation  of  the  visualiza¬ 
tions  during  the  tests,  which  reveal  information  that  is 
lost  when  the  picture  is  taken.  Here  we  will  only  examine 
the  flow  over  the  bump  (see  Fig.  40a)  and  on  the  top  wall 
(see  Fig.  40b).  The  lower  wall  pattern  contains  one  focus 
Fi  around  which  rolls  up  septtrator  (5i)  emanating  from 
the  half-saddle  point  Ci  located  at  the  junction  between 
the  lower  wall  and  sidewall  A.  A  second  half-saddle  point 
Cl  exists  downstream  of  Ci  through  which  passes  the 
separator  (5^)  which  is  in  fact  an  attachment  fine.  The 
skin-friction  lines  coming  from  upstream  that  are  flowing 
between  (Si)  and  sidewall  A  wind  around  Fi  into  which 
they  ’’disappear”;  those  located  above  (Sj)  continue  their 
way  downstream.  The  spirals  winding  around  Fi  are  the 
traces  on  the  lower  wall  of  a  tomado-like  vortex  escaping 
into  the  flow  with  the  separation  line  (Sj )  being  the  origin 
of  a  separation  surface  that  winds  around  the  axis  of  the 
vortex  structure. 

On  the  top  wall,  two  foci  Ft  and  Fs  are  clearly  visible. 
The  separation  line  (Ss)  passing  through  saddle  point  Cs 
and  spiralling  around  Ft  and  Fs  constitutes  a  "barrier" 
approximately  at  the  foot  of  the  nearly  normal  shock  (T] ) 
of  the  lambda  system  attached  to  the  interaction  (see  Sec¬ 
tion  4.2.3  below).  The  skin  fr-iction  fines  that  are  com¬ 
ing  from  upstream  and  that  are  contained  in  the  domain 
delimited  by  the  separator  (Su)  passing  through  saddle 
point  Cs  are  going  to  wind  around  either  Ft  or  Fs  ,  de¬ 
pending  if  they  are  located  on  one  side  or  the  other  of 
separator  (5]o)  which  carries  both  Cs  and  Cs-  One  bun¬ 
dle  of  these  fines  goes  around  the  barrier  (5io)  by  curving 
backward  abruptly.  The  skin  friction  fines  from  upstream 
divide  into  two  families.  The  first,  near  face  B,  ail  flow 
continuously  downstream.  The  other,  near  wall  A,  sepa¬ 
rates  in  turn  into  two  families; 

-  Those  fines  included  between  (Sn)  and  separator  (Su) 
leading  to  the  saddle  point  Cio,  that  continue  their  path 
downstream. 

-  Those  fines  between  wall  A  and  ( 5]  i )  that  wind  around 
a  third  focus  Fj  to  form  a  "vortex”  delimited  by  separator 
(Sij).  The  skin-friction  fines  winding  around  Fs  all  come 
from  the  node  Ni  at  the  junction  between  the  top  wall 
and  wall  A. 

In  such  a  situation,  (Ss)  can  be  associated  with  a  well 
characterized  separation,  with  the  flow  in  the  vicinity  of 
(Ss)  "leaving”  the  wall.  Separator  (Sn)  is  an  attachment 
line  insofar  as  a  little  above  (Sn)  the  outer  flow  "dives" 
in  the  direction  of  the  wall.  This  makes  Cio  a  separation 
saddle  ptnnt  and  Cs  an  attachment  saddle  point. 
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The  attachment  line  (5ii )  is  the  trace  on  the  wall  of  an  at¬ 
tachment  surface  (Sio)  which  is  schematically  represented 
in  Fig.  41a.  All  the  streamlines  constituting  thu  stream- 
surface  stream  into  the  attachment  node  Nm  coincident 
with  Ct  on  the  wall.  On  the  other  hand,  (St)  in  the  trace 
on  the  wedl  of  a  separation  surface  (E«)  represented  in 
Fig.  41b.  This  streamsurface  is  made  of  the  streamlines 
originating  at  node  coincident  with  saddle-point  Ct. 
Surface  (E«)  rolls  up  to  constitute  two  vortical  structures 
-  or  vortices  -  whose  trace  on  the  wall  are  the  foci  Ft  and 
F5.  These  structures  are  tornado  like  vortices  which  es¬ 
cape  into  the  outer  field  where  they  bend  under  the  acticm 
of  the  flow. 

The  two  surfaces  (E«)  and  (Eio)  intersect  to  constitute 
the  structure  sketched  in  Fig.  41c.  The  intersection  of 
the  two  vortices  emanating  &om  Ft  and  F5  with  the  at¬ 
tachment  surface  (Es)  gives  rise  to  two  foci  conttiined  in 
(E9)  aroimd  which  streamlines  of  (E9)  wind  to  feed  the 
vortices. 

A  similar  description  of  the  wall  patterns  in  terms  of  sin¬ 
gular  points  and  separation/attachment  lines  can  be  made 
for  the  other  faces  of  the  channel,  cate  being  taken  to  in¬ 
sure  continuity  of  patterns  at  the  crossing  of  the  comer 
lines  between  adjacent  wails. 

4.2.3  .Vfean  Flow  Properties 

Velocity  Field  in  Longitudinsd  Planes.  The  fields 
of  the  velocity  component  in  longitudinal  planes  XZ  lo¬ 
cated  at  the  spanwise  locations  Y  =  10,  30,  60,  90  and 
110mm  are  represented  in  Fig.  42.  An  examination  of 
these  results  show  the  following  trends: 

-  In  the  most  upstream  part  of  the  explored  domain,  the 
flow  -  which  has  become  supersonic  -  accelerates  because 
of  the  divergence  of  the  channel.  Then,  due  to  curvature 
effect,  the  velocity  is  greater  in  the  vicinity  of  the  biunp. 
Just  upstream  of  the  interaction  region,  the  boundary 
layer  has  a  thickness  of  about  4mm  on  the  bottom  and 
top  walls  of  the  channel. 

-  Considering  first  the  planes  which  are  close  to  side  wall  A 
(Y  =  lO  and  30mm),  one  notes  that  an  important  thick¬ 
ening  of  the  boimdary  layer  takes  place  downstream  of 
X  =  280mm.  Then  the  velocity  profiles  present  a  large 
deficit  down  to  X  =  310mm.  This  behaviour  must  be  cor¬ 
related  with  the  surface  flow  pattern  in  Fig.  40a  where  it 
can  be  seen  that  the  two  XZ  planes  cross  the  separated 
zone  comprised  between  separators  (5i )  and  (Sj  )■  Down¬ 
stream,  a  rapid  filling  of  the  profiles  takes  place.  One  will 
note  in  plane  V  =  10mm  the  considerable  decrease  of  the 
amplitude  of  the  velocity  in  the  inferior  half  part  of  the 
channel.  This  phenomenon  is  due  to  the  strong  thickening 
of  the  side  wall  boundary  layer  resulting  for  the  formation 
of  a  large  separated  zone  (see  surface  flow  pattern  in  Fig. 
40c).  An  important  thickening  of  the  boundary  layer  also 
occurs  on  the  top  wall  as  a  consequence  of  the  strong  in¬ 
teraction  induced  by  the  nearly  normal  shock  (Fj)  (see 
next  section). 

-  The  behaviour  of  the  longitudinal  flow  changes  much  at 
y  =  60mm  and  beyond.  Then,  on  approaching  side  wail 
B,  the  thickening  of  the  bottom  wall  boundary  layer  is 
less  important,  as  if  an  interaction  was  no  longer  taking 
place.  This  tendency  is  confirmed  by  the  surface  flow 
pattern  of  Fig.  40b,  where  it  is  seen  that  beyond  separator 
(S2),  the  skin  friction  lines  flow  from  the  inlet  to  the  oulet 
section  of  the  observed  field.  At  the  same  time,  these  is  a 


clear  intensification  of  the  interaction  taking  place  on  the 
top  wall.  There,  the  velocity  profiles  thicken  more  and 
more  while  being  "emptied”,  as  one  moves  towards  side 
wall  B.  Even,  a  small  but  well  defined  portion  of  reversed 
velocity  is  observed.  This  zone  has  to  be  correlated  with 
the  surface  flow  pattern  in  Fig.  40c,  which  shows  that 
the  skin  fidction  lines  are  turned  back  between  separators 
(St)  and  (5ii).  Thus,  there  is  a  fair  agreement  between 
the  field  measurements  and  the  surface  flow  properties. 

-  Very  close  to  side  wall  B  (plane  Y  =  110mm),  the  re¬ 
gion  of  reversed  flow  resorbs  itself  progressively,  although 
the  top  wall  boundary  layer  is  still  very  thick.  On  the 
other  hand,  at  large  distance  from  the  top  wall,  the  ve¬ 
locity  levels  are  still  high,  the  plane  Y  =  110mm  passing 
outside  the  boundary  layer  of  the  side  wail  B  where  the 
interactions  are  weak. 

Mach  Number  Distributions  in  Longitudinal 
Planes.  The  experimental  values  of  the  Mach  number 
have  been  determined  from  the  mean  velocity  vector  mea¬ 
surements  made  with  the  LDV  system  assuming  a  uniform 
stagnation  temperature,  even  in  the  dissipative  regions. 
This  approximation  is  well  verified  in  transonic  adiabatic 
flows. 

The  iso-Mach  lines  relative  to  planes  located  at  Y  =  10. 
30,  60  90  and  110mm  are  shown  in  Fig.  43.  The  plane 

Y  =  10mm  traverses  the  interacting  boundary  layer  of 
face  A  which  explains  the  spreading  of  the  Mach  number 
distributions  (peaks  in  the  experimental  iso-Mach  lines 
near  the  bump  are  due  to  erroneous  values).  In  planes 
located  at  Y  =  30  and  60mm,  a  lambda  shock  pattern  is 
clearly  visible.  This  pattern  is  made  of:  a  leading  oblique 
shock  (Ft),  a  nearly  normal  shock  (Fj)  occupying  about 
half  the  chaimel,  in  its  upper  part,  a  "leg"  (Fj)  consisting 
of  a  very  weak  shock  hardly  discernible  in  the  experi¬ 
ment  (the  important  thickening  of  the  shocks  in  the  ex¬ 
perimental  plottings  is  due  to  the  spacing  of  the  measure¬ 
ment  points).  In  plane  Y  =  30mm.  the  tracings  reveal 
the  large  region  of  separated  flow  starting  from  the  foot 
of  shock  (Fi),  which  was  already  detected  from  the  sur¬ 
face  flow  visualizations.  This  zone  disappears  when  one 
tends  towards  face  B  and  is  no  more  apparent  in  plane 

Y  =  60mm.  A  separated  zone  induced  by  shock  (F2)  is 
also  visible  near  the  top  wall,  both  in  plane  Y  =  30,  60 
and  90mm.  At  Y  =  90mm  the  oblique  shock  (Fj )  is  much 
weakened  and  replaced  by  a  continuous  compression. 

Flow  in  Tiratuvene  Planes.  The  flow  in  (Y,Z)  planes  is 
represented  in  Fig.  44  by  tracings  of  the  lines  of  constant 
value  for  the  modulus  of  the  velocity  component  in  these 
planes.  The  explored  region  extends  from  Y  =  10mm  to 

Y  =  110mm  in  the  spanwise  direction,  the  use  of  the  LDV 
system  close  to  the  lateral  glass  windows  being  diflScult 
because  of  important  parasitic  stray  light. 

The  first  station  at  A’  =  230mm  is  located  upistream  of 
the  shock  system.  There,  due  to  the  strong  acceleration 
of  the  flow,  viscous  effects  are  extremely  weak  so  that  the 
boundary  layers  are  barely  visible.  The  second  station 
at  A  =  270mm  nearly  coincides  with  the  origin  of  shock 
(Fi),  so  that  viscous  effects  are  still  unimportant.  The 
third  plane,  at  A  =  310mm,  crosses  shock  (Ft)  but  is 
upstream  of  the  nearly  normal  shock  (Fj).  One  sees  in 
the  field  the  trace  of  (Fi),  this  shock  being  replaced  by  a 
continuous  compression  wave  on  approaching  the  side  wall 
B.  A  region  of  intense  interaction  is  visible  in  the  vicinity 
of  the  comer  line  between  the  lower  wall  and  the  side 
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wail  A.  There,  the  boundary  layer  undergoes  a  rapid  and 
important  thickening  which  corresponds  to  the  vortical 
structure  originating  at  the  combination  of  the  two  half¬ 
saddle  points  Cl  +C2  (see  Figs.  40a  and  40b).  The  trace 
of  shock  (Fi )  is  well  visible  in  plane  X  =  330mm. 

The  plane  X  =  3S0mm  is  very  close  to  the  transverse 
plane  containing  the  strong  shock  (F]),  which  can  ex¬ 
plain  some  erratic  behavior  of  the  iso-lines  in  the  central 
part  of  the  channel.  The  last  plane,  X  =  390mm  is  well 
downstream  of  the  shock  system.  One  notes  the  impor¬ 
tant  thickness  of  the  top  wall  boundary  layer  and  the  large 
dissipative  region  still  existing  at  the  comer  line  between 
the  lower  wall  and  the  side  wall  A.  In  fact,  as  shown  by 
the  skin-&iction  line  patterns  in  Fig.  40,  this  transverse 
plane  still  crosses  the  vertical  flow  comprised  between  the 
saddle  point  (Ci  -(-  Cj)  and  the  node  (JVj  -(-  iVs). 

4.2.4  Turbulence  Properties 

The  use  of  the  three-component  LDV  sytem  has  brough  a 
large  amotmt  of  information  on  turbulence,  since  the  6  dis¬ 
tinct  components  of  the  Reynolds  tensor  were  measiued. 
So,  to  keep  to  this  paper  a  reasonable  size  we  will  give 
here  a  synthetic  presentation  of  these  results  by  means  of 
tracings  of  iso-value  lines  and  by  considering  only  the  tur¬ 
bulence  kinetic  energy  k  and  the  cross-correlation  u'w' , 
these  quantities  being  the  moat  interesting  (in  the  present 
experiment,  w  is  the  velocity  component  along  axis  Z  nor¬ 
mal  to  the  flat  part  of  the  bottom  wall). 

Turbulence  Kinetic  Energy.  The  iso-k  lines  in  the  lon¬ 
gitudinal  planes  Y  =  10,  30,  60,  90  and  llOmm  are  shown 
in  Figs.  45.  The  mode  of  tracing  adopted  emphasizes  the 
region  of  strong  interaction  where  turbulence  increases 
much  with  a  large  correlative  thickening  of  the  dissipative 
regions.  For  this  reason,  the  thin  incoming  boundary  lay¬ 
ers  will  be  barely  visible.  Starting  from  plane  Y  =  10mm, 
the  closest  to  side  wall  A,  one  sees  a  broad  region  where 
k  takes  large  values,  this  plane  traversing  the  boundtuy 
layer  of  side  wall  A  where  strong  interactions  occur,  as  re¬ 
vealed  by  the  mean  flow  analysis.  In  the  present  tracing, 
the  iso-k  lines  seems  to  emanate  from  the  foot  of  shock 
(Fi )  in  the  vicinity  of  the  bottom  wall,  on  the  one  hand, 
and  from  the  region  of  birth  of  the  compression  waves 
whose  coalescence  will  form  the  nearly  normal  shock  (Fj), 
on  the  other  hand.  The  plane  Y  =  30mm  still  crosses  the 
separated  boimdary  layer  of  side  wall  A.  The  large  "spot” 
visible  in  the  middle  of  the  channel  can  be  attributed  to  an 
oscillation  of  shock  (F3),  the  phenomenon  being  here  ex¬ 
agerated  by  the  code  used  to  compute  the  iso-lines  which 
was  applied  to  experimental  points  too  distant  from  each 
other  in  the  X-wise  direction. 

For  plane  Y  =  60mm  and  beyond,  the  region  of  high 
ttirbulence  corresponds  to  the  interactions  of  shocks  (Fi) 
and  (Fj)  with  the  boundary  layers  of  the  bottom  and  top 
walls.  The  size  of  the  bottom  wall  interaction  starts  to 
shrink  from  plane  Y  =  50mm  (not  shown  here)  while  the 
interaction  occurring  on  the  top  wtdl  keeps  nearly  con¬ 
stant  dimensions.  For  Y  =  60mm,  the  turbulent  zone  of 
the  bottom  wall  is  reduced  to  a  thin  layer  whose  thick¬ 
ness  decreases  on  approaching  side  wall  B.  This  behaviour 
agrees  with  the  description  provided  by  the  mean  flow. 
The  central  spot  disappears  idmost  completely  for  the 
next  planes,  except  the  last  one.  This  fact  can  be  inter¬ 
preted,  with  precaution,  as  the  consequence  of  a  smaller 
unsteadiness  of  shock  (Fj)  in  this  part  of  the  channel. 


The  spot  again  appears  on  approaching  side  wail  B  (see 
plane  Y  =  110mm).  Here  the  pnenomenon  is  due  to  the 
penetration  of  the  exploration  plane  into  the  zone  of  in¬ 
teraction  between  shock  (Fj)  and  the  boundar>’  layer  of 
side  wall  B. 

In  brief,  the  maximum  levels  of  k  are  reached  in  the  vicin¬ 
ity  of  the  wall  bearing  the  bump  and  in  the  planes  close 
to  side  wall  A;  i.e.,  in  the  regions  where  the  mteractions 
are  the  strongest.  Then  the  reduced  kinetic  energy  i/o;, 
is  close  to  0.11,  which  corresponds  to  a  conventional  tur¬ 
bulence  rate  equal  to  0.33. 

Shear  Stress  Component  u'w' .  The  spatial  distnbu- 
tions  of  this  component  are  shown  in  Fig.  46.  The  fact 
that  the  plane  Y  =  10mm  traverses  the  thick  boundary 
layer  of  side  wall  A  leads  to  a  rather  complex  distribution 

of  u'w'  which  is  first  negative  very  close  to  the  bottom 
wall  before  taking  positive  values.  Close  to  the  top  wall, 

u'w'  takes  only  positive  values  which  is  in  agreement  with 
the  behaviour  of  this  stress  in  a  classical  boundary  layer, 
the  axis  normal  to  the  wall  being  here  oriented  opposite  to 
the  usual  sense.  From  the  plane  Y  =  30mm  and  beyond. 

u'w'  is  negative  near  the  bump,  the  exploration  planes 
no  longer  traversing  the  boundary  layer  of  side  wall  A. 

The  behaviour  of  u'w'  becomes  more  "normal"  with  a 
rapid  increase  from  the  foot  of  the  shock  (Fi)  and  pas¬ 
sage  through  a  maximum  ( in  absolute  value)  before  a  slow 
decrease  in  the  downstream  part  of  the  interaction.  In  the 
other  Y-planes.  the  region  of  high  shear  stress  shrinks  >n 
correlation  with  the  weakening  of  shock  (Fj ).  On  the  other 
hand,  close  to  the  top  wall  where  the  situation  is  close  to 
a  two-dimensional  interaction,  the  evolution  of  the  phe¬ 
nomena  with  the  spanwise  distance  Y  is  much  slower. 
4.2.5  Validation  of  Turbulence  Slodels 
Numerical  Method  and  Turbulence  Models.  The 
flow  in  the  channel  hu  been  computed  by  solving  the 
full  time-averaged  Navier-Stokes  equations  (Couaillier  et 
al..  1991).  The  adopted  time-marching  numerical  method 
uses  an  explicit  centered  finite  difference  scheme  applied 
to  a  finite- volume  approach  on  a  structured  mesh.  The 
mean  flow  and  the  turbulent  transport  equations  are  both 
discretized  by  using  a  two-step  Laoc-Wendroff  scheme. 

The  dissipation  terms  are  taken  into  account  according  to 
Thommen's  idea.  The  space  discretization  of  the  diver¬ 
gence  terms  at  each  time  step  is  performed  by  using  an 
integral  contour  formulation.  The  source  terms  are  evalu¬ 
ated  at  each  step  of  the  predictor-corrector  scheme  at  the 
centres  and  at  the  nodes  of  the  basic  cells  respectively.  A 
numerical  viscosity  is  added  to  improve  the  stabiUty  of  the 
scheme  and  to  correctly  capture  the  flow  discontinuities 
in  the  inviscid  flow  regions.  In  the  present  calculations, 
the  computational  domain  extends  from  X  =  —30mm  to 
X  =  560mm.  Grid  interpolation  is  made  on  surfaces  con¬ 
structed  between  the  lower  wall  bearing  the  bump  and 
the  flat  top  wall.  High  refinements  is  introduced  near  the 
wall  to  properly  resolve  the  boundary  layers.  The  total 
number  of  mesh  points  is  a  little  less  than  700,000. 

Two  turbtilence  models  have  been  tested  (for  detailed  re¬ 
sults  and  a  more  thorough  discussion,  see  Cahen,  1993 
and  Cahen  et  al.,  1993).  The  first  one  is  the  algebraic 
equilibrium  model  of  Michel  et  al.  (1969)  presented  in 
Section  2.3.2  .  The  originai  formulation  has  been  modi¬ 
fied  to  extend  its  applicability  to  three-dimensional  flows 
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and  to  treat  the  problem  of  comer  flows.  The  turbulent 
viscosity  is  now  given  by; 


lit  =  P 


n 


where  :  fl  =  curl 


and  the  mixing  length  by: 


1  =  O.QSStanA 


In  the  above  expression,  d  denotes  Bulee  .  ’s  "modified  dis¬ 
tance"  which  takes  into  account  the  influence  of  several 
walls  in  the  case  of  comer  flows  and  j  is  a  "modified” 
boundary  layer  thickness  (for  details,  see  Cambier  and 
Escande,  1991). 

The  second  model  is  the  non-equilibrium  Jones-Launder 
model  whose  boundary  layer  type  version  has  been  pre- 
3ent<-d  in  Section  2.3.3.  The  general  form  of  these  equa¬ 
tions.  with  the  low  Reynolds  ntimber  terms,  will  not  be 
given  here  (see  Cahen,  1993). 

The  accuracy  of  these  models  will  be  discussed  by  consid¬ 
ering  the  same  quantities  as  those  already  considered  in 
the  presentation  of  two-dimensional  flows. 

Wall  Pressure  Distributions.  Some  pressure  distribu¬ 
tions  on  the  four  channel  walls  are  plotted  in  Fig.  47. 
On  the  wzdl  bearing  the  btimp  and  on  the  top  wall,  the¬ 
ses  distributions  are  plotted  along  the  lines  Y  =  15mm, 
located  near  side  wall  A.,  Y  —  60mm,  in  the  vertical  me¬ 
dian  plane  and  line  Y  =  105mm,  close  to  side  wall  B.  For 
the  lateral  walls,  these  distributions  are  relative  to  the 
line  Z  =  65mm  which  is  close  to  the  channel  half-height. 
These  distributions  first  exhibit  a  rapid  expansion  in  the 
upstream  converging  part  of  the  channel.  On  the  bump 
the  flow  goes  supersonic,  reaching  a  maximum  Mach  num¬ 
ber  of  1.75  as  denoted  by  the  pressure  measured  at  the 
wall.  For  the  upper  and  lower  walls,  clear  diFerences  ex¬ 
ist  between  the  three  distributions.  Close  to  face  A,  one 
observes  a  steep  pressure  rise  terminating  the  expansion 
process.  This  rise,  which  denotes  the  existence  of  a  shock, 
is  followed  by  a  well  defined  pleteau.  FVirther  downstream, 
a  more  progressive  compression  takes  place,  the  expansion 
at  the  extremity  of  the  domain  being  caused  by  the  accel¬ 
eration  induced  by  the  second  throat.  The  shape  of  the 
pressure  curves  is  typical  of  a  transonic  interaction  with 
shock-induced  separation,  the  rapid  pressure  rise  being 
associated  with  the  separation  process,  denoted  by  the 
separation  line  (5i)  observed  in  Fig.  40a,  and  the  pres¬ 
sure  plateau  with  the  large  vortical  structure  extending 
between  Cj  and  Cj. 

In  the  median  plane  (Y  =  60mm),  the  first  pressure  rise 
is  less  rapid,  the  amplitude  of  the  compression  being  how¬ 
ever  more  important  and  the  plateau  having  disappeared. 
A  small  pressure  jump  is  observed  at  X  close  to  300mra. 
In  the  immediate  vicinity  of  face  B  (F  =  105mm),  the 
compression  which  follows  the  expansion  on  the  first  part 
of  the  bump  is  now  progressive,  no  "separation  sboclc" 
being  observed.  The  pressure  rise  is  followed  by  a  moder¬ 
ate  expansion  which  is  terminated  by  a  weak  shock.  This 
pressme  distribution  has  to  be  placed  in  correspondence 
with  the  surface  pattern  observed  in  the  vicinity  of  face 
B:  in  this  part  of  the  flow,  the  stirface  pattern  is  free  of 
critical  points  and  separators. 


In  the  upstream  part  of  the  cheinnel.  where  viscous  effects 
are  extremely  weak,  the  two  calculations  are  in  excellent 
agreement  with  experiment.  Considering  the  pa-t  of  the 
flow  where  viscous  effects  are  important,  the  calculations 
using  the  [k.e]  turbulence  model  are  in  very  good  agree¬ 
ment  with  experiment,  especially  c'ong  lines  Y  =  60mm 
2md  Y  —  105mm.  Major  disc-epancies  exist  close  to  side 
wall  A  where  the  pressure  plateau  is  not  captured  by  ei¬ 
ther  calculations. 

Longitudinal  Velocity  Profiles.  An  objective  valida¬ 
tion  of  the  accuracy  of  the  calculations  is  provided  by  a 
comparison  of  the  velocity  distributions  across  the  chan¬ 
nel.  Thus,  Fig.  48  shows  the  profiles  of  the  streamwise  ve¬ 
locity  component  in  the  meditm  plane  Y  =  60mm  for  nine 
X-wise  stations.  The  first  profile  at  X  =  290mm  crosses 
the  leading  oblique  shock  (Fj )  close  to  the  bump.  Further 
downstream,  the  trace  of  (Fj ),  well  visible  on  the  profiles, 
moves  away  from  the  lower  surface.  Section  .Y  =  350mm 
nearly  coincides  with  the  quasi  normal  shock  (Fj)  which 
explrins  a  certain  scatter  in  the  measured  values.  Down¬ 
stream,  the  exploration  lines  traverse  the  subsonic  part  of 
the  flow. 

The  interaction  between  the  top  wall  boundary  layer  and 
shock  (Fj)  gives  rise  to  an  important  thickening  of  the  dis¬ 
sipative  layer.  Close  to  the  wall,  negative  values  of  the  u 
component  are  observed  at  X  =  350mm,  i.e.  just  down¬ 
stream  of  the  foot  of  (Fj).  The  r-^gion  of  reversed  flow 
extends  down  to  X  =  410mm  wliere  it  vanishes.  This  re¬ 
gion  of  backflow  is  in  agreement  with  the  pattern  observed 
at  the  wall,  its  origin  being  coinciden'  with  the  separation 
line  (S»)  and  its  resorbtion  with  the  attachment  line  (Si  i  )■ 

In  general,  there  is  a  good  agreement  between  the  com¬ 
puted  and  the  measured  profiles,  the  best  resul.s  being 
obtained  with  the  model.  It  will  be  noted  that  the 
location  of  shock  (Fj)  is  accurately  predicted.  However, 
relaxation  of  the  boundary  la'- downstream  of  the  strong 
interaction  taking  plate  on  th;-  upper  wall  at  the  foot  of 
shock  (Fj)  is  ill  predicted,  even  by  the  transport  equation 
model.  As  a  general  rule,  most  turbulence  rrodeb  tend  to 
predict  a  too  frat  relaxation  process,  the  computed  veloc¬ 
ity  distributions  being  fuller  that  the  experimental  ones 

and  the  predicted  reattachment  occurring  too  rapidly.  In 
the  present  case,  the  computed  profile  at  X  =  390mm 
is  fully  attached,  whereas  the  measured  profile  still  has  a 
backflow  region.  Also  the  thickness  of  the  relaxing  bound¬ 
ary  layer  is  uaderpredicted. 

Turbulence  Properties. The  profiles  of  the  turbulence 
kinetic  energy  k  (normalized  by  “a)  in  5  longitudinal 
planes  are  shown  in  Fig.  49.  In  the  most  upstream  sta¬ 
tion,  at  -Y  =  230mm.  the  turbulence  level  is  everywhere 
low,  except  inside  the  bottom  and  top  wall  boundary  lay¬ 
ers.  At  station  ,Y  =  270mm,  we  note  a  rise  in  k  close 
to  the  bottom  wall.  This  peak  is  produced  by  the  start 
of  the  interaction  between  the  bump  boundary  layer  and 
the  oblique  shock  (Fi).  In  the  vicinity  of  the  side  wall 
A  (plane  Y  =  lOirun),  very  high  levels  of  k  are  measured 
downstream  of  X  =  270mm  (note  the  change  in  the  scale 
for  profiles  beyond  X  —  270mm).  These  important  val¬ 
ues  of  the  turbulence  kinetic  energy  are  correlated  with 
the  strong  interaction  taking  place  on  the  side  wall  A  in 
this  region.  The  [k,e]  model  reproduces  this  behaviour, 
although  the  predicted  levels  are  below  the  experimental 
results.  In  the  same  way,  the  rise  in  turbulence  occ  ring 
near  the  top  wall  because  of  the  interaction  produced  by 


the  shock  (Fj)  is  underpredicted,  especially  in  the  down¬ 
stream  part  of  the  interaction  domain.  This  behaviour 
of  the  theoretical  turbulence  profiles  has  to  be  correlated 
with  the  evolution  of  the  mean  X  wise  velocity  distribu¬ 
tions  presented  in  Fig.  48.  As  already  mentioned,  the 
classical  turbulence  models  tend  to  predict  a  too  fast  re¬ 
laxation  process  behind  a  region  a  strong  interaction,  thus 
a  too  rapid  fall  in  the  turbulence  levels  and  a  too  rapid 
filhng  of  the  mean  velocity  profiles.  The  metisured  pro¬ 
files  located  at  X  =  350mm  exhibit  a  bump  in  the  k 
distribution  at  some  distance  from  the  top  wall.  This 
phenomenon,  which  is  completely  ignored  by  the  calcu¬ 
lation,  is  in  fact  due  to  a  slight  oscillation  of  the  shock 
(Fj). 

5.  CONCLUDING  REMARKS 
Laser  Doppler  Velocimetry  offers  an  unprecedented  tools 
to  investigate  complex  turbulent  flows  over  a  velocity  do¬ 
main  rsmging  from  low  subsonic  values  up  to  several  him- 
dreds  m/s,  the  maximum  practical  limit  being  now  around 
600m/s.  Both  two-dimensional,  planar  or  axisymmetric, 
tmd  three-dimensional  flows  can  be  explored  without  the 
perturbating  effect  of  classical  probes.  With  the  advent  of 
LDV,  it  has  become  possible  to  investigate  in  great  details 
tmd  with  a  fair  degree  of  confidence  shock  wave/turbulent 
boundary  layer  interactions  whose  study  was  until  then 
hampered  by  their  high  sensitirity  to  perturbations,  es¬ 
pecially  in  transonic  streams.  With  LDV,  it  was  possi¬ 
ble  to  establish  a  clear  and  reliable  physical  description 
of  interacting  flows,  including  mean  as  well  as  turbulent 
properties.  Presently,  LDV  is  routinely  used  to  inves¬ 
tigate  two-dimensional  interactions,  exploration  a  three- 
dimensioned  situations  -  although  possible  -  remaining  a 
long  and  complex  task. 

Thus,  over  the  past  15  years,  a  rather  complete  set  of 
two-dimensional  -  and  axisymmetric  -  test  cases  has  been 
constituted  allowing  an  in  depth  validation  of  computer 
codes,  and  more  particularly  of  the  turbulence  modeU 
used  in  them.  Although  the  results  obtained  are  most 
often  spectacular  -  considering  the  state  of  the  art  15 
years  ago  -  systematic  comparative  studies  have  shown 
that  none  of  the  most  commonly  used  turbulence  models 
are  entirely  satisfactory.  Interaction  with  a  shock  wave 
imparts  to  a  boundary  layer  a  so  strong  and  so  rapid  retar¬ 
dation  that  the  present  models  are  unable  to  represent  this 
process,  even  those  incorporating  a  history  effect.  In  fact, 
experience  shows  that  such  an  interaction  involves  phe¬ 
nomena,  like  unsteadiness  and  shock  /  turbulence  inter¬ 
action,  which  are  not  taken  into  account  in  these  models. 
However,  one  has  not  to  be  unduly  pessimistic,  consider¬ 
ing  that  existing  simple  models,  implemented  in  accurate 
and  efficient  Navier-Stokes  codes,  already  give  results  suf¬ 
ficient  for  many  practical  applications.  The  situation  in 
three-dimensional  flows  is  not  so  advanced,  since  prob¬ 
ing  and  interpration  of  such  flows  is  a  long  and  complex 
task.  Due  to  the  importance  of  the  subject,  and  con¬ 
sidering  the  very  instructive  results  already  obtained  on  a 
reduced  number  of  configurations,  in  the  coming  years  the 
main  effort  must  be  devoted  t'l  a  thorough  characteriza¬ 
tion  of  typical  three-dimensional  interactions.  Because  of 
the  high  cost  of  both  experiment  and  computation  applied 
to  three-dimensional  flows,  this  action  will  have  to  be  con¬ 
ducted  in  close  cooperation  between  experimentalists  and 
theoreticians  in  order  to  properly  define  the  configurations 
to  be  tested. 


In  spite  of  its  great  and  numerous  advantages.  LDV  suf 
fers  from  shortcomings  which  restrict  its  use  in  situations 
of  great  interest.  Seeding  of  the  flow  remains  a  cnticai 
issue,  since  LDV  measures  in  fact  the  velocity  of  parti¬ 
cles  Thus,  in  regions  of  high  acceleration,  or  retarda¬ 
tion.  particle  lag  introduces  errors  which  prevent  the  use 
of  LDV  in  the  immediate  vicinity  of  a  shock  and  render 
turbulence  measurements  suspect  if  the  frequency  of  the 
velocity  fluctuations  is  high.  Time  scales,  or  power  spec¬ 
tra,  metisurements  with  LDV’  are  stiU  largely  impossible, 
except  at  low  frequencies,  mtiinly  because  of  the  difficulty 

to  properly  seed  the  flow.  The  problem  of  particle  lag 
put  also  a  bound  to  the  maximum  velocities  which  can  be 
measured,  all  the  attempts  to  use  LDV  in  high  Mach  num¬ 
ber  flows  (above  4)  having  failed.  In  spite  of  important 
progress,  velocity  measurements  very  close  to  a  surface  in 
tangential  approach  (e.g.,  below  0.1mm)  are  not  possible 
-  especially  in  three-component  versions  -  which  is  a  se¬ 
rious  restriction,  since  many  things  occurs  in  this  part  of 
the  boundary  layer.  The  frontal  approach  of  an  obstacle, 
gives  rise  to  parasitic  stray  light  making  measurements 
impossible  below  a  distance  of  the  order  of  10mm.  ac¬ 
cording  to  our  experience.  At  last,  but  not  the  least,  high 
speed  multi-component  LDV  systems  are  still  costly  and 
delicate  to  operate  which  is  a  strong  restriction  to  their 
general  use.  We  have  to  hope  that,  in  the  coming  years, 
most  of  these  limitations  will  be  overcome. 
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Fig.  2  -  Arrangement  of  the  two-dimensional 
transonic  channel 


Fig.  3  -  2D  transonic  flow.  "Wair  Mach  number 
distributions 


Fig.  1  -  Schematic  arrangement  of  the  ONERA 
three-component  LOV  system 


Fig.  4  -  2D  transonic  flow.  Mean  streamwise 
velocity  profiles 
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Fig.  13  -  2D  transonic  flow.  Row  A.  Mean  velocity 
profiles.  EauHIbrIum  models 


Fig.  10  -  2D  transonic  flow.  Evolution  of  the  maximum 
shear  stress  whith  the  shape  parameter 
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Fig.  1 1  -  2D  transonic  flow.  Row  A.  Wall  pressure 
distributions.  Equilibrium  models 
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Fig.  14  -  2D  transonic  flow.  Row  A.  Mean  velocity 
profiles.  Non  equilibrium  models 


Fig.  12  -  2D  transonic  flow.  Row  A.  Wail  pressure 
distributions.  Non  eauHIbrium  models 
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Fig  17  -  2D  transonic  flow.  Row  C.  Wall  pressure 
distributions.  Equilibrium  models 
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Fig  15  -  2D  transonic  flow.  Flow  A.  Shear  stress 
proxies  Equilibrium  models 
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Fig.  19  -  2D  transonic  flow.  Flow  C.  Mean  velocity 
profiles.  Equilibrium  models 
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Fig.  20  -  2D  transonic  flow.  Row  C.  Mean  velocity 
profiles.  Non  equilibrium  models 


20 

10 

0 


Y  (mm) 


[k.  e]  model 


Y  (mm) 


0  0 


Michel  et  al. 

125,5  1  54,4  328,2 

^  f  r 


r 


Baldwin-Lomax 


,X=38,6  77,2 

i 

125,5 

154,4 

328,2 

* 

• 

4 

i.  fv. 

hi.  ^ 

V-w. 

•• 

. 

e 

• 

• 

•  e 

It 

'll 

•• 

L 

Fig.  22  -  2D  transonic  flow.  Row  C.  Shear  stress 
profiles.  Non  equilibrium  models 


Fig.  21  -  2D  transonic  flow.  Row  C.  Shear  stress 
proffles.  Equilibrium  modeis 
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Fig.  28  -  2D  supersonic  flow.  Mean  flow  streamlines. 
Interaction  without  separation. 
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Fig.  29  -  2D  supersonic  flow.  Mean  flow  streamlines. 
Interaction  with  separation. 
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Fig.  30  -  2D  supersonic  flow.  Wall  pressure 

distributions.  Interaction  with  separation. 


Fig.  31  -  2D  supersonic  flow.  Mean  velocity 
profiles.  Interaction  with  separation. 
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Fig,  34  -  2D  supersonic  flow.  Wall  pressure 

distributions.  Interaction  with  separation. 

Fig.  32  -  2D  supersonic  flow.  Shear  stress 

profiles.  Interaction  with  separation. 
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Fig.  48  -  3D  transonic  flow.  Mean  velocity  profiles 
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I.N.S.A.  de  Rouen,  France 

1.  INTRODUCTION 

Since  the  pionnering  theory  of  Bous-sinesq  /!/  and  the  first  application  indicated  by 
Prandtl  /2/,  turbulence  modelling  has  been  continuously  improv('d  in  order  to  allow  effec¬ 
tive  prediction  of  turbulent  flows.  Since  these  early  contributions,  various  methodologies 
were  worked  out  to  account  properly  for  "complex”  effects  on  ttirbulence.  Among  oth¬ 
ers.  these  "complex”  effects  are  caused  by  curvature,  body  forces  (gravitation  or  magnetic 
fields),  unsteadiness  and  variable  density.  In  fact,  in  real  flows  situations,  it  is  often  dif¬ 
ficult  to  separate  these  effects,  and  the  prediction  of  a  flow  configuration  of  industrial 
interest  must  always  combine  the  simultaneous  treatment  of  several  effects.  Depending  on 
the  application  domain,  some  effects  can  be  considered  as  dominant  which  cdlows  neglect 
of  others  completely.  As  an  example,  geophysical  flows  in  oceans  are  dominated  by  strati¬ 
fication  and  rotation,  while  compressibility  or  solid  boundary  effects  can  be  nc'glcctcd.  In 
contrast,  flows  around  an  aircraft  fuselage  in  real  flight  conditions  are  strongly  influenced 
by  compressibility  and  wall  effects  and  not  at  all  by  gravitation  or  rotation.  Because  of 
the  requirements  imposed  by  a  wide  variety  of  industrial  and  aeronautical  problems,  one 
of  the  biggest  challenges,  during  the  last  few  years  in  the  field  of  turbulence  modelling  has 
been  the  correct  accountability  of  the  variable  density  effects.  Variable  density  can  have 
different  origins,  which  can  result  for  instance  from:  i)  the  mixture  of  gases  with  different 
density,  ii)  a  temperature  gradient  within  an  homogeneous  fluid,  iii)  compressibility  in  high 
speed  flows,  or  iv)  reactive  flows  (for  instance  flames,  chemical  or  gasdynamic  laser  flows). 
Unfortunately,  until  now,  only  a  small  fraction  of  the  modelling  effort  has  been  devoted  to 
these  flows. 

From  an  experimental  viewpoint,  the  first  works  concerned  equilibrium  boundary  layer 
along  adiabatic  smooth  walls  /3/,  /4/,  /5/  or  compressible  wakes  /6/.  These  works  led 
Morkovin  /5/  to  postulate  that  the  dynamical  field  behaves  like  an  incompressible  one. 
From  a  different  approach,  Laufer  /7/  came  to  an  identical  conclusion.  Thus  for  some  years, 
compressible  problems  have  been  handled  with  incompressible  models,  but  with  allowance 
for  variation  of  mean  den.sity.  The  limits  of  such  extensions  are  now  beginning  to  be 
better  understood  /29/,  /30/.  Brad.shaw  /8/  reviewed  the  various  domains  of  validity  for 
Morkovin's  hypothesis  and  noticed  that  it  applies  to  flows  where  the  den.sity  fltictuations 
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are  moderate.  Obviously,  this  excludes  hypersonic  boundary  layers  (Me  >  5)  and  the 
flows  with  strong  pressure  gradients  such  as  shock-turbulent  boundary  layer  interactions. 
Bradshaw  concluded  also  that  this  approximation  is  not  well  siiited  for  the  .su’)ersoiiic 
shear  layers.  One  of  the  conclusions  of  the  1972  Langley  r'ree  Shear  Layer  Conference  /9/ 
confirmed  that  all  then  existing  turbidence  models  were  not  adapted  to  the  predict ittii  of 
this  type  of  flow. 

Concerning  the  modelling,  a  limitetl  number  of  significant  results  ha\e  been  oi  tained 
so  far.  Most  of  the  works  cons'st  in  an  analysis  of  existing  incompri'ssible  models  leadiiit; 
to  an  extension  towards  compressible  flows,  assuming  that  the  exist (uice  of  a  varialde  den 
sity  within  the  equations  was  sufficient  to  n'present  <'orrectb’  the  compressibi’ity  effects. 
Xevertheh'ss.  in  pre.sence  of  st'vere  pressuie  gradients,  the.se  inodtds  do  not  produce  sat¬ 
isfactory  rt'sults  /lO/.  /ll/.  In  ortler  to  ('valuate  the  respecfivt'  imj)ort;tiices  of  vaiialde 
density  and  strict  compressibility.  Brown  and  Roshko  /r2/  studied  experimentally  tlie  In' 
haviour  of  ;i  low  .sixa'd  mixing  la_\er  with  variable  density  (ladium nitrogen  mixing).  They 
concluded  with  a  complete  indepeudence  of  the  mixing  layer  sjin'ading  rate  with  resp-vt 
to  the  density  ratio,  bringing  liack  the  luoblem  to  compressiliility  effects. 

2.  BACKGROUND  ASSUMPTIONS 

.■\s  a  starting  point  for  any  flow  calculation,  tliere  are  the  Na\'ier-Stokes  e(|uations. 
But,  due  to  the  large  Reynolds  imtulKT  value  of  turbuhnit  comiut'ssible  flows,  it  is  not  yet 
conct'ivable  to  use  direct  simulation  or  even  large  eddy  simulation  with  subgrid  scale  mod¬ 
elling  for  practical  flow  calculations.  The  first  compressible  turbulence  direct  simulatioii 
was  reported  in  19S1  with  Feiereisen’s  thesis  /lo/.  .At  that  time,  the  cost  of  a  single  sim¬ 
ulation  for  a  64x04x64  mesh  cube  with  periodic  boundary  conditions  and  constant  shear 
\vas  about  20  hours  of  CPU  time  on  the  ILLL4C  IV  computer  (which  had  ptuformances 
comparable  to  the  Cray  IS  machines).  Even  though  simulation  techniques  are  improving 
rapidly,  we  are  still  far  from  being  able  to  predict  complex  comprt'ssible  flows  with  si¬ 
multaneously  shock  waves,  separation  mechanisms  and  eventually  mixing  and  strong  heat 
transfers.  In  fact,  since  Feiereisen’s  woik.  compressible  turbulence  simulations  have  been 
mostly  devoted  to  2-d  config  nations  /16/.  /28/,  /104/. 

To  cope  with  this  difficulty,  it  is  preferable  to  work  with  a  modified  form  of  the  Naviei- 
Stokes  eciuations.  Rather  than  trj  ing  to  produce  a  set  of  possible  realizations  and  averaging 
to  have  a  solution  for  the  mean  flow,  the  instantaneous  Xavier-  Stokes  equations  can  be 
submitted  to  a  statistical  treatment  first,  and  then  a  single  solution  will  represent  all  the 
characteristics  of  the  mean  flow.  Then,  the  solution  does  not  carry  any  information  on  the 
turbulence  fluctuatierns.  The  averaging  process  can  be  considered  as  a  filter.  Xevertheless, 
turbulence  information  is  still  <  valaible  through  new  sjrecific  turbulent  variables  which  are 
correlations  between  fluctuating  variables. 

2.1.  Averaging  the  variables 

But  let  us  examine  more  deeply  the  implications  of  this  statistical  treatment  by  dc'fin- 
ing  the  probability  density  function  (i)df)  for  /  to  be  inside  the  interval  [«,/)]. 

Probability  {c  <  f  <  b)  =  f  P{  f)  df  (2-1) 

J  a 

That  definition  implies  naturally  that  the  probability  becomes  equal  to  unity  if  o  and 
b  »('ud  rt*!sj>ectively  towards  — oc  or  -|-oo: 


Thus  the  first  moiuent  of  this  pelf  gives  the  ineaii  value  of  /; 


<  /  >  = 


P{f)df 


(2  -  3i 


In  practice,  the  possible  variations  of  <  /  >  in  spae-  and  time  will  depend  only  of 
the  behaviour  of  P{f).  In  place  of  this  statistical  average,  which  is  foriually  an  ensem 
ble  average,  it  is  possible  to  substitute  a  time  average  if  the  ergodicity  is  t'erified.  This 
retjuires  a  clear  definition  of  the  time  involved  by  the  averaging  operator.  Indi'ed,  all  thi- 
practical  turbulent  flows  are  neither  steady  nor  completely  homogeneous.  Therefore  the 
averaging  intervals  will  have  to  lie  bounded,  both  in  space  and  time.  These  inter-cals  must 
be  sufficiently  large,  compared  to  the  charactinistic  scales  of  the  turbulence  but  also  small 
with  respect  to  the  macroscopic  changes  of  the  flow.  Lc^  T  be  a  liounded  time,  the  time 
average  can  be  defined  as; 


</(0>=y^  /(/  +  r)</r  (2-4) 

The  definition  (3)  yields,  for  two  random  variables  /  and  y.  the  following  relationships; 


<f  +  (J  >  =  </  >  +  <</> 

</.<  >>  ^  </>.<.(/>#  <  /.;/  > 

If  (i 

=  if^€  ['•i..r2..if.t] 


Boussinesej  /!/  and  Reynolds  /17/  establi.shed  incompre.ssible  flows  ('(piations  by  ap¬ 
plying  this  time  averaging  to  the  continuity  and  momentum  ('(juations.  To  do  so,  quantitit's 
such  as  velocity,  pressure  or  density  are  split  into  a  m<*ar  and  a  fluctuating  comixment. 
This  method  was  extended  to  compressible  flows  by  Shubauer  and  Tcheii  /IS/.  Hinze  /19/ 
and  several  other  authors.  When  compared  to  the  instantaneous  ecpiations.  the  averaged 
equations  contain  new  terms,  which  have  no  counterpart  in  the  original  equations.  These 
new  terms  are  made  of  correlations  between  velocity  fluctuations  or  between  velocity  and 
density  fluctuations.  The  velocity  correlations  an'  the  Reynolds  stresses  and  rf'present  th<’ 
forces  due  to  the  turbulent  agitation.  Evidenc<'  of  these  new  terms  can  Ix'  obtained  (juickly 
by  examining  the  continuity  equation  for  a  variable  density  flow; 


di  ^  dir 


( pt’o  )  =  0 


(2-6) 


p  is  the  density  and  Vc,  are  the  velocity'  components  with  resp('ct  to  the  o  direction. 
Splitting  of  the.se  instatitaneous  variables  into  mean  ()  and  flucttiating  parts  ( )'  yields 


p  =p  -f  p 


(2  -  7: 


and  the  first  consequences  of  the  definition  (2  3)  are 
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/>'  =0 


/ 

a 


=0 


I  2  - 


Si 


Thus,  after  averaging,  the  continuity  e<jiiariun  is; 


d 

(  P  '■(!  )  + 

dt\, 


Ip'''!.) 


0 


i2  --  9) 


The  averaging  process  lias  introducetl  into  the  mean  contiimiry  eipiation  tin-  iiiuc  \aii 
able,  p'ejj.  Therefore,  the  closnrt'  of  the  simplest  set  of  mean  ('(luations  will  be  linked  at 
least,  to  the  knowledge  of  these  correlations.  Other  authors  (  Hessellaug  /20/.  Ded<  bant 
and  Wi'hrle  /21/,  \'an  Mieghen  and  Dufoui  /22/.  Blackadai  /23/  and  Fa\  ie  ,'2-4/ i  have 
derived  mean  equations  by  weighting  the  avi'taging  ojierator  with  the  iiistantaiK-ous  den 
sity.  Later,  Fav're  /25/  extended  that  formalism  to  all  the  depi'iidenf  \ariables.  e.xi'ept  ihe 
density  and  the  pressure. 

That  type  of  averaging  can  also  be  formulated  statistical!}’  like  an  ordinal}’  tiiiiC 
average,  by  introducing  thejttiut  ji.d.f.  P{/>.o)  for  O  .and  />.  O  being  an}’  dependent  r  ariable 
besides  density  and  pressure  (st'efor  insttmce  Bilg<'r  /2C/  ).  Let  us  dehne  a  den>it}’  weiuhti d 
pdf  for  a  variable  o: 

—  1 

PiO)  =  -  I  pPi />.  o)(l/>  (2  -  10' 

f>  Jo 

Thus  mass  wtdghted  averages,  covariiinces  and  higher  order  moments  can  be  defined 
simply  from  this  deinsity  weighted  pdf  as; 


£0  _  / 
l>  J 

0  P(  0  )  <lo 

/>0  ‘ 

P 

J -  O)-P{0)  do 

po'  ^ 

p 

{0  -  ofPio]  do 

and  also  f{cp)~  f  f{(?}  P{o)  (!<:> 

In  fact  we  can  consider  thes<‘  two  possilde  tyjx's  of  averaging  simtdtaneously; 
1)  the  classical  time  averaging  ba.sed  on  a  centered  o])erator; 


0  —0  -4-  0' 

0  j  0{t)  (lf\  0'  —  0 


(2  -  12) 


2) 


the  mass  weighted  averaging,  which  is  also  a  time  averaging.  Imt  uncentered  by  the 
presence  of  the  density: 

0  ~0  +  0" 


0  0"  ^  0 

P 


(2-13) 


From  the  definitions,  it  is  easy  to  derive  a  set  of  relations  linking  the  two  formalisms 


/27/: 


Equation  (2-15)  has  now  a  form  strictly  similar  to  its  instantaneous  version,  since  the 
density  velocity  correlations  do  not  appear  explicitly.  Similarly,  all  the  coinecfi\-e  parts 
in  the  motion  equations  are  free  of  these  density  correlations.  Thus  the  mass  weighted 
averaging  is  helpful  to  simplify  the  formulation  of  the  turhulent  eqtiations  when  (U'lisity 
varies,  but  it  does  not  solve  the  problem  of  closing  the  set  of  ef(u;itions.  Two  significiuit 
drawbacks  are  to  be  pointed  out  here: 

The  first  one  concerns  the  interpretation  of  the  results  wlum  comitaring  nu'asurements 
with  calculated  values.  The  mass  weighted  velocity,  for  instance,  is  well  adapted  to  com¬ 
parison  with  hot  wire  measurements,  but  not  to  the  velocity  obtained  from  a  LD\’  device 
for  which  the  centered  time  averaged  quantity  is  more  appropriate.  .A.nalogc'ius  remark 
could  be  made  for  heat  flux  or  concentration  measiirernents. 

The  second  remark  will  become  more  obvioiis  later,  when  tlu-  eciuation  for  the  con¬ 
servation  of  the  dissipation  rate  of  the  turbulent  kinetic  energy  is  written.  That  ecjutition. 
which  i,s  recognized  as  a  weakness  of  several  turbulence  models  is  already  comi)lex  in  in¬ 
compressible  flows.  Excepting  the  case  of  the  convection  ttnuis.  its  formulation  in  mass 
weighted  variables  is  still  more  complex,  so  that  there  is  no  hope  to  mod('l  it  in  a  term-to- 
term  manner  and  only  a  ‘'global”  nuxlelling  have  been  succ<'sfully  us('d  so  far. 


2.2.  Open  forms  of  the  turbulent  equations 

Introduction  of  Favre  decomposition  and  time  averaging  the  eejuations  yields  forms 
which  are  ojien.  The  expression  of  the  new  unknowns  is  oiu’  asi)ect  of  the  general  prol)leni 
of  the  closure.  As  natural  convection  will  always  be  negligible  in  front  of  forced  convection 
in  the  applications  presented  at  the  eiul  of  *he.se  notes,  buoyancy  terms  are  not  inchuhsl 
in  the  following  equations. 


(2-  16) 


(2-17) 


T 
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2.2,2,  Momentum  conservation 

Instantanfou.s  form  for  the  compoireiit  is: 


0  0 


i-'j ) 


0 


0 


-(  ry. 


I'.i 


i2  -  ISi 


with  the  viscous  stress  defiiK'd  by  ( assnmiiif!,  that  the  Stokes  Law  i>  verihed;  (2//  »  .'b\  =  lli: 


=  -~P  +  /'  S„  ,i 


10- 


p  is  the  pressure.  is  the  Ivroiu>rk<'r  symbol  and  //  the  iiiole<'ular  \isco-'ity  coefficii  ut 
Sfi.y  corresponds  to  the  strain  tensor  for  a  coniprcssil)l»’  fluid: 


So,i  — 


Or,,  Or,i 

dj'  i  0j\, 


dr 


3  6l.r- 


(  2  -  20  > 


For  turbident  Hows,  equation  (2- IS)  becomes: 


0  ,  0 
a?'"  "'•'  +  077''”' 


-a77''’ 


"S  (  /t  .t(1  1 

Ox,i 


(2  -  21  i 


Tlie  new  term,  which  is  due  to  the  non  linetirity  of  the  convective  part  is  tlu-  Reynolds 
stress. 


2.2.3.  Energy  conservation 

In  Cf)inj)ressil)le  Hows,  tlie  pressure  is  relat(>d  to  the  sj)(>ciHc  internal  eiu're;}’  and  to  the 
density  by  an  (’([uation  of  state,  which  can  be  written  ;(s: 


/)  =  ( y  -  1 )  /;  ( 

The  total  energy  per  imiss  unit  is  defined  as: 


0 


22) 


E  =  (  + 


[2  -  23) 


The  conservation  of  this  (juantity  follows  the  budget  equation; 


^U>E}  + 


— iQj) 

d.rj 


(2-24) 


The  stress  tensor  y  is  <lefined  as  previ<msly.  The  hc'at  flux  is  evaluated  according 
to  the  Ff)urier's  law  as: 

=  (2-25) 


dxj 


■After  averaging,  it  comes: 


0 


1 — ip  =  -77 — (pi\iE")  +  - — (V 

ai  a.i\i  Ox  j  Oxf) 


0 

Ox .. 


{Q,}) 


(2  -  26) 


Tlie  new  term  aijpeaiiii”  in  tla>  e<juatioii  eliaracterizes  the  (iitiu^ion  i)t  rlie  total  eneiiiy 
by  the  turbulent  motion.  Similarly,  averaging  the  equation  of  >tate  j  2  23  i  mak<'>  obvious 
the  contribution  of  the  turbulent  kinetic  energy  in  the  total  energy  btidt^et: 


^  +  k- 


\  i  I  I 


with  k  = 

■-> 


For  flows  in  which  strong  heat  transfer  rather  than  strict  compressibility  ejects  are 
present  (a  typical  example  is  a  turbulent  flame),  it  is  more  convenient  to  write  the  energy 
conservation  through  the  enthalpy  transport  eipiation.  For  constant  sjiecific  heat,  the 
enthalpy  is  related  to  the  temperature  field  as: 


h  =  c,,T 


The  instiuitiuieous  budget  e((uation  is: 


0  0  .Op  ^  0 

Tr,ip/>)  +  — (/'  '■.,/()  =  ^  +  rj- —  -f-  *!>  -  — ((Ea 

at  us,i  at  a.t\i  Ur  , 


1 1  -  / 


with  Q.n  the  heat  flux  in  the  .r,i  din'ction  ttiid  <!>.  the  dissipation  function  defined  ;is: 


,  .  /  ^''<1 


2  -  20  I 


.After  averaging,  it  comes: 

0  :  d  '  0  — n—  di>  Op  ~  Op  —  0  -TT— 

■7rjpti)  +  -Ti — (p  >'.iki  =  -- — (pt’j/i  )  +  ^  +  —  +  *•  1^:: —  +  ‘I>  -  - — (Q  i  i  {'2  -  30 1 

Ot  Oj\i  O.vj  Ot  Oxj  0.i\i  0.t\i 

‘5  is  defined  now  as  a  mean  dissipation; 


a:  c”  ( ,  <F“  { 


(2-31) 


2.2.4.  Species  or  scalar  conservation 

For  the  ca.se  of  mass  fraction  c/.  we  have  an  instantaneous  advection  diffusion  etjuation 
with  non-zero  source  terms  for  chemically  reacting  flows; 


(2  -  32) 


which  becomes  in  turbuh'iit  form; 


0,  ^  0  ^  ^  0  0  ^  - 


(2-33) 
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This  last  (‘quatioii  can  he  iistal  for  any  scalar  i)ro\  i(  1<  <1  rhat  tlu'  iutcrprcratioii  of  riu 
diffusion  term  is  correctly  understood.  In  the  specitii'  »'ase  t.f  tlie  mass  fracrion,  the  ii  rm 
•/.J/  represents  the  difftisicjii  flu.K  of  the  speci(*s  along  the  direction  .i  undi'i  the  action  ol 
molecular  agitation. 


2.2.5.  Energy  paths 

To  illustiiite  the  im])lications  of  tiveragiiig  compressible  tlosv  eijuatioiis.  as  far  as  euei at} 
budget  is  concerned,  figure  1  sketches  the  various  paths  taken  b}'  eiierg}'  betwt  i  n  im  an 
motion,  turbulent  motion  and  fluid.  Under  the  three  headers  correspondimt  n  sp^  .  rj\,  1} 
to  the  mean  and  turbulent  kini'tic  energy  :md  to  the  Htiid  infernal  eiu'igy.  \aiious  algebraic 
terms  are  displayed  with  iurows  to  show  the  jtossibh'  transfer  mei-hanisnis. 


MEAN  MOTION  TURBULENT  MOTION  FLUID 


Figure  1:  sketch  of  energ}’  paths 


Boxes  1  and  2  correspond  to  reversiltk'  work  done  under  the  action  of  jui'ssure  fiehl. 
Boxes  3  and  4  are  related  to  the  irreversibh'  transformtition  of  mechanietd  energy  into  lu'at. 
because  of  the  molecular  viscosity.  Thi'se  terms  corresjxnid  to  thi'  dissipation  of  mi'an  and 
turbulent  kinetic  energy.  Box  5  is  the  classical  transformation  of  mean  kinetic  eni'rgy  into 
turbulent  one.  The  term  ajtpears  with  different  signs  in  both  lajuations.  It  is  a  sink  term 
for  the  mean  motion  and  a  source  (}>roduction)  for  the  turbulent  motion.  The  transfi'r  is 
mostly  done  from  large  scale  to  small<*r.  But  it  can  happi'U  that  invi'rse  cascach'  (negativi' 
production)  exists  locally.  This  i)oiut  requires  a  very  careful  attention  in  modelling  when 
the  sign  of  the  turbulent  energy  prixluction  terms  is  forced  to  lie  j)ositi\<'  (edd\-  viscosity 
models  ff)r  instance). 


3.  ALGEBRAIC  TURBULENCE  MODELS 


As  shown  in  the  previous  chai>fer,  the  tiin«*-;iveragetl  ((ination'  <>1  morion  (ontam 
new  unknown  terms.  In  order  to  prerlict  the  mean  veloeity  di^tiihution  oi  ihe  mt  .iii 
temperature  distribution,  it  is  necessary  to  make  an  assumption  or  tind  a  rea'-onablc  modol 
for  the  Reynolds  stresses  and  the  turbulent  Hux  tt'rms.  Tlu'  more  mm  rail;  ci  (  oncrpT 
has  been,  for  many  years,  to  establish  an  analogy  between  the  \iscous  and  tm  turbnli  nt 
stresses.  Then  a  linear  relationship  is  assumed  betwe<-n  the  turluilent  sti«'-,,s  and  the  im  an 
strain  tensor  (Boussinesq,  /!/).  The  turbulent  counterpart  of  the  Newton  -  law  is  wiittc  n 


~  dv^  2 

■P  ‘S'S  -  Pi  iy  3^..  j 


The  second  term  of  the  R.H.S  in  e<[uation  (3-1)  <'oriesponds  to  the  bulk  ililatation 
existing  in  comi)ressible  flows.  The  last  term,  whi<‘h  is  characttu ist i<'  ot  the  tuibuli  nt 
form,  allows  the  trace  of  the  Reynohls  stress  tensor  to  be  diffeieiit  from  />  lo  Ilu'  last 
contribution  plays  the  same  role  as  the  i)ressure  in  th<>  kiiu'tic  theory  of  tta-i  a-  a  mean 
of  the  normal  stress<’s. 

All  terms  of  the  R.H.S  of  (3-1)  an'  known,  but  //(,  the  turbulent  visco-ity  and  k .  the 
turbulent  kinetic  energy.  Since  the  GO's.  a  large  numl)er  of  techniqiu's  hav<'  been,  more 
or  less  succesfully.  wt)rked  out.  Among  them,  it  is  possible  to  distinguish  two  general 
approaches.  The  first  one  relies  on  local  eqtiilibrium  ideas  to  express  <lirei-tly  tlu'  turbulent 
viscosity  coefficient  in  terms  of  known  qtiantities  of  tlu‘  mean  flow,  such  as  the  mean 
velocity  gradient  or  some  integnd  boundary  layer  parameter  or  <'ven  the  wall  distance. 
This  ajjproach  is  rt'ferred  to  as  the  class  of  algebr.tic  turbtdeiu’e  models.  .-X  known  short¬ 
cut  of  these  methods  is  to  neglect  tVie  energy  term  in  (34)  for  the  simi)le  rea-on  thtit 
the  energy  level  cannot  be  accurately  estimated.  The  st'cond  tipproach.  which  inti'iids 
to  be  more  general  is  to  evaluate  the  viscosity  coefficient  from  the  r.ate  of  change  of  the 
Reynolds  stress  in  the  governing  erjuations.  The  prediction  nu'thods  whi<-h  use  these  ideas 
are  referred  to  as  transport  equation  methods  and  will  be  discussed  in  the  next  chiq)t('r. 
In  fact,  they  reduce  to  the  algebraic  methods  when  all  the  transi)ort  terms  an'  siiudl.  i.e 
assuming  local  equilibrium  between  gt'iieration  and  destruction  of  turbuk'nt  energy  (see 
Cebeci  and  Smith,  /31/). 

From  a  simple  dimensional  analysis,  the  turbulent  kiiu'iiKttic  viscosity  iipjx'ars  to  be 
the  product  of  a  velocity  and  a  length,  for  which  a  i)roi>er  choice  is  not  ;m  easy  t;isk. 
In  order  to  gain  a  generally  applicable  formula,  Prandtl  proitosed  his  well-known  mixing 
length  theory,  according  to  which  the  Reynolds  stress  is  calculat('d  (for  Itoundary  layer 
type  flow)  from: 

Pi=pl‘i^l  (3-2) 

The  ’’mixing  length”  /  is  of  cotuse  a  quantity  whose  value  has  to  be  determined.  For 
wall  shear  flows.  Von  Karman  /33/  suggested  the  following  n'lationship: 


fit  =  pK 


(3-3) 


H-IO 


K  hoiiig  tho  uui\eisal  coast  ant  of  the  same  uame.  E<iuatioas  (3  2)  aud  i  3  3)  gi\i  geaeialK 
very  good  results  ia  tliiii  shear  Hows  whert*  ])roducrioa  aad  dissipation  aiecliaaisais  are 
approxiaiately  halaact'd  (local  etpiilihrinai ). 

Besides  these  two  origiaal  proj>osals.  it  is  worth  aieatiouiag  two  other  foraiulat iori' 
for  th('  eddy  viscosity: 

•  The  Taylor  vorticity  traasfer  tlieory  /34/.  la  this  i)roi)osal  from  1915.  it  was  a,' 
staaed  that  haaps  of  Haid  pres<-rve  tludr  vorticity  ia  ttut)uleat  Hows  instead  of  then 
momeatum,  as  if'commeaiU'd  by  Praadtl  theory: 

,  dll 

ft,  =  0.5  />  -34 

.Althottgh  btised  on  diflereat  ichsis.  this  foriaulatioa  is  aaaloeoiis  to  I’tandtl’s. 

•  .^ssuiaiiig  that  the  diiaeasioas  of  the  hiaiiis  of  thud,  which  aio\e  m  a  t  raas\ ci si ■ 
direction  during  turbuleat  iiii.Kiag  are  of  the  saiiu’  order  of  iiiau,nit la le  as  tlie  width  of 
the  mixing  /one.  Reicluirdt  /35/  pro[)osi'd  the  following  depeinleni  y : 

II I  =  K,  l>{  U  -  ll,„in  !  '  3  ■  5  I 

where'  h'l  denotes  ;i  dimeasioaless  atimlier  to  lie  dei<-i  luiiu’d  <'xpei iiui'iitallx'.  and  5  is 
<1  cluiractt'ristic  rr;mvers(>  dimeiisioa  of  th<’  shi'tir  Layer. 

It  follows,  from  eepuitioa  (3-5)  tlait  /i,  remtiias  constant  oxer  the  whole  width  of  the’ 
shear  zone',  whereas  the  previous  propostils  (eqiaitioas  (3-2).  (3-3'  and  i  3  4 ! !  itajily  tl.i;ti 
it  should  vary  eve'ii  if  the  length  setth's  tire  tissumed  constant.  Furthermore,  exiiei iiiieatal 
results  (Klebaaoff.  /32/)  indicate  tlitit.  in  the  wall  tegion  (0  ii//'  y  (1,15  l).20).  the  eddy 

viscosity  and  mixing  length  vtiry  linearly  with  th<'  wall  disttuice  ;/.  Both  varialih's  tippear 
t(i  have  a  maximum  value  somewheia'  lietwt'en  u/i'  =  0.20  and  y/A  =  0.30.  C'on.seijuenf ly. 
a  reasonalile  ciiiproximation  for  these  two  (piantities  in  tlu'  inner  region  ctiii  be  written  tis: 

//,  K  !i  (3  --  G) 

I  =  K  !l  (3-7 1 

where  S'  is  the  universal  consttuit  ot  \’on  Kariiitui.  expiaiuient .ally  found  to  lie  in  the  range 
of  0.40  —  0.41.  \’iiriiible  ctinicteristic  sctile  of  the  xelocity  fluctuations.  For  i//(^ 

greater  than  tijiproxinititeh'  0.20.  the  ed<ly  viscosity  begins  to  dei  rease  slowly,  lait  the 
mixing  length  n'lnains  more  or  less  consttuit,  so  it  ctiii  be  aiijiroxiniated  liy: 

I j h  —  rimsf .  { .3  -  S) 

where  the  constant  varies  from  0.075  to  0.090,  dejiending  on  the  definition  of  boundary 
layer  thickness  d. 

So  far,  examimition  of  the  eddy  visiaisity  cot'Hicient  tuid  the  mixing  length  have  allowerl 
imiking  distinctions  of  two  differi'iit  zones  inside  the  boundary  layer,  the  inner  zone  for 
1/ / <  0.2  and  the  outer  region  elsewhere.  In  fact,  .some  caution  must  be  taken  for  the 
global  treatment  of  this  outer  region.  As  the  free  stream  is  tiiijiroachi'd.  the  turbulenci' 
becomes  inti'rniittent .  i.e,  for  only  a  fraction  r  of  the  time  is  the  How  turlmlent.  This  is 
not  ;i  f.'aturt'  of  the  unitpie  w.all  lioumkiry  lax'er,  Imk'ed.  th('  stuiK'  iiheiiomenom  can  b<' 
ob.served  in  free  shetir  Hows  /12/. 
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The  charactei'  of  the  turl)uleiiee  is  a  <liicct  couseiiueiu  e  of  the  intenuitteiu  y. 

From  the  experimental  results  of  Kle})anoff  /32/,  it  can  he  seen  that,  for  values  as  small  as 
yjb  =  0.4,  there  are  intervals  of  time  (hiring  which  the  How  is  truly  turhultnt.  separated 
by  laminar  features.  These  featuix's  last  longer  with  increasing  distance'  from  the  wall. 
Obviously,  outside  the  boundary  layer  >  1-0),  it  is  also  possililt'  to  Hud  some  turbub’nt 
fluid  packets,  penetrating  the  fix'e  stream  flow  up  to  yjb  ~  1.2.  The  intermittency  fai  tor. 
i.e.  the  ratio  of  the  turbulent  time  with  the  total  time,  can  be  correctly  ajijiroximate'd  by 
the  expression; 

r  =  0.5(1 -erf(5(|  -0.78)))  (3-0) 


3  1.  THE  CEBECI-SMITH-MOSINSKI  MODEL 


This  model  is  an  extension  to  compressible  flows  of  the  Cebeci-Smith  model.  Its 
basic  jihilosophy  is  to  make  a  coherent  combimition  of  th('  local  aiiproxiimitions.  which 
hav('  been  reviewed  above,  in  order  to  build  up  a  gr-neral  model  for  the  dc'scrijjtion  of 
the  whole  boundary  layer.  The  distriliution  of  the  mixing  h'ligth  I  can  be  madt'  with  two 
separat('  functions.  In  th('  fully  turbulent  part  of  the  inner  region.  I  is  proi)ortional  to  y. 
the  wall  distanc<'.  and  in  the  out<'r  zone,  the  turb\ilent  length  scab'  is  b,  the  boundary  layer 
thickness.  Then'fore: 


/,  =  K(/  0  <  1/  <  y,. 

=  "1^  Uc  <  !J  <  ^ 


(3-10) 


where  the  y^  value  is  imposed  Ity  the  recpiinxl  contiimity  of  //(  across  tin'  two  zones. 
According  to  the  review  paper  of  Escudier  /3G/.  the  paranu'ters  k  and  (/j  c;m  vary  slightly, 
but  reasonable  vahu's  are  0.40  and  0.075  respectively. 

As  a  din'Ct  consecjuence  of  thi.s  compo.site  defljiition.  file  eddy  viscosity  ///  also  varies 
linearly  with  y  in  the  inm-r  region  and  is  nearly  constant  (exci'pt  for  the  inti'rmitt«’ncy)  in 
the  outer  ri'gion.  Its  variation  across  the  ijoundaiy  layer  can  In'  conveniently  descrilied  by 
the  following  formulas: 


0<y<!u 

I  (/'()«  =  (^pU,„arK  /(I  +  5.5(f)'');  IJc  <  y 

Although  it  varies  slightly  with  low  momentum  thickness  Reynolds  number,  the  pa¬ 
rameter  a  IS  generally  taken  as  a  constant  efpial  to  O.OIGS.  Etpiations  (3-11)  are  designed 
for  the  full}’  turbulent  part  of  the  Iroundary  layer,  but  not  for  the  laminar  sublayer  and  the 
buffer  zone  close  to  the  wall.  In  orcU'r  to  make  them  apiilicable  over  the  entire  boundary 
layer,  they  must  be  modified  by  using  empirical  expressions,  such  as  the  one  proposed  by 
Van  Driest  /37/  in  which  the  mixing  length  becomes: 

/  =  ^■y(l  -exp(-^))  (3-12) 


In  equation  (3-12),  the  vanishing  character  of  the  eddy  viscosity  at  the  wall  is  taken 
into  account  through  the  use  of  a  damping  length  constant  .4,  defined  as; 


.4  =  2G 


(3-13) 
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This  modified  expression  of  the  mixing  lengtli  was  ol)rained  hy  using  an  analogy 
between  the  viscous  sublayer  and  Stokes  How.  According  to  Van  Driest  s  definition  of 
.4,  its  use  is  restricted  to  flows  with  negligible  pre.ssure  grafiient  and  Z(>ro  mass  transfer. 
For  compressible  flows,  this  original  formulation  needs  to  be  modified.  The  limitations  of 
Van  Driest  formulation  appear  clearly  in  the  case  of  strong  ijiessure  gradient,  for  instance. 
Indeed,  for  a  flow  with  adverse  pressure  gradient.  t„,  may  approach  zt'ro  (flow  septiratiou ). 
in  which  case  the  predicted  inner  eddy'  viscosity  will  ite  'zero.  Tlu^  iniK'r  zone  formulation 
was  generalized  by  Cebeci  /3S/  and  739/  for  flows  with  pressure  gradient,  mass  ;md  heat 
transfer.  Starting  from  the  Stokes  flow  analogy  for  the  compressible  etpuition.  the  shear 
wave  propagation  velocity  is  a.ssumed  to  be  the  friction  velocity  obtained  ;it  a  value 
determined  by  the  intersection  of  the  linear  and  tht'  logarithmic  laws  of  the  wall.  This 
friction  vt'locity'  is  obtained  from  the  local  integration  of  th('  u-niomentum  equation  biu  ween 
the  wall  and  the  intersecting  point.  This  procedun*  leads  to  a  rtither  comjtlicated  ('xpression 
for  the  modified  damping  length  constant  .4  which  is  writtc-n  as: 

I  1 


in  which  .4'*'  =  2G  and  .V  is  defined  as: 


IL  ( Ill. 

/«f  \l>u- 


1  -  expdl.S— r+  ))  +  exp(  ll.S— 


.\ 


(3  -  l.Vi 


with: 


ur- 


I'r 

!Jrllr 


Many  other  attempts  havt*  been  mad«'  to  modify  the  \'im  Driest  damping  law  to  luuidle 
heat  and  mass  transfers.  For  a  ratluT  compk*t<'  imanitory  of  tlu'se  works.  th('  n-adet  is 
referred  to  the  book  of  Cebeci  and  Smith  /40/. 

To  complete  the  modelling  of  the  whole  boundary  layt'r.  the  outt'r  zone  (in  which 
the  intermittency  takes  place)  is  calculated  with  consttmt  mixing  iengfii  inside  fh(‘  fully 
turbulent  events.  To  account  fr)r  the  intermitteuev  phenomi'iion.  tht'  ri'sult  of  Klebanofl 
/32/: 

r  =  0.5  ( 1  —  erf(5  ( —  —  0.  rs ) ) 

(*) 


introduces  an  analytical  relationship  with  the  wall  distanct'  y.  .4  slightly  simpler  formu¬ 
lation  which  is  list'd  in  tht'  reference  /41/  relatt's  the  intt'iinittf'iicy  factor  to  that  wall 
distance  with  a  power  law: 


(3-  1C) 


To  summarizt'  the  so-called  Ct'beci-Smith-Mosinski  nu)d''h  the  eddy  viscosity  is  writ¬ 
ten  as: 

/)// 

(3-17) 


r  2 

(//,),  =  L  /)  —  0  <  ty  <  ;/r 

Oy 


(/'f  )|  =  l>  n  I/,,  t*  r  '  yc  <  y  <  (^ 


(3-  IS) 


O-  i  ' 


in  which  L  is  (lefiuod  by  (‘(luatioiis  (45)  aud  (47).  a  =  0.41.  <i  D.OIG'^  ami  tli<-  iuti  iuht 
teiu'cy  factor  is  evaluated  with  (49  ). 

All  these  reinai'ks  are  ad<a{uat('  uik1(t  certain  condition;'  for  tlie  description  of  iuoiik  ii 
turn  transport.  To  deal  with  significant  heat  transport.  It  is  generally  adiuittcd  to  hii\e 
a  constant  ratio  between  the  eddy  viscosity  and  the  turlndent  heat  diffnsivity  coetficieiit . 
That  leads  to  the  definition  of  a  turbulent  Praiultl  iunnl>er.  Unfortuiiittelv.  ex])'‘r- 

imental  evidence  shows  that  the  turbulent  Prantltl  number  varies  across  the  l)ound;iry 
layer.  Close  to  the  wtdl,  it  is  a  strong  function  of  the  molecular  Prtindtl  nunil)er  (beca\ise 
viscous  effects  can  be  more  important  than  turbulent  ones),  and  away  from  the  wall,  it  is 
independent  of  the  molecular  Prandtl  number. 

The  eddy  diffusivity  formulation  for  heat  trjmsfer  is  the  following: 

(Atft),  =  p  K  Kh  y^(l  -  exp(-~))  (1  -  exp(-^))|^l  (3-19) 

.4  B  Utj 

(ph)o  —  Oil  p  Wf  <^*r 

in  which  k/i  =  0.44,  aj  =  0.0168  and; 


(3-20) 


Then  the  turbulent  Prandtl  number,  in  th?  wall  vicinity  is  evaluated  as: 

K(1  -  e>p(--^)) 

Pr,  = - ^  (3-21) 

Kh(l  -  exp{-^)) 

This  first  model  has  been  tested  on  a  wide  variety  of  boundary  layer  flows  including 
heat  and  mass  transfer  and  also  moderate  pressure  gradients  for  2-dimensional  as  well  as 
axisymmetric  flows.  For  many  years,  that  model  has  been  recognized  as  the  most  robust 
for  practical  flow  calculations. 

Saxena  and  Mehta  /86/  extended  the  domain  of  validity  of  this  model  with  the  in¬ 
troduction  of  wall  functions.  These  authors  were  able  to  handle  adiabatic  boundary  layer 
flows  under  adverse  pressure  gradient.  The  incompressible  law  of  the  wall  is  given  by; 


u 


+ 


-  ln(y+)  -I-  B 

K 


where  k  =  0.41  and  B  =  5  0  and: 


+  u  +  yy-r 
u  =  — ;  y  =  — ; 

Ur  I'm 


(3  -  22) 


However,  in  the  regions  where  adverse  pressure  gradients  exist,  the  following  law  of 
the  wall,  due  to  Nakayama  and  Koyama  /87/  has  been  employed; 


u 


+ 


/  4~  t  i _ 1 , 

- 1  tTI^ 


j. 

Ib¬ 


is -23) 
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whrre: 

=  x/1  +  0.047  a 

r+  =  1  +  1/ 

*  n  —  ay'^  (3  —  44) 

, J_n! 

O'  —  VuJ  ypw  .  \  j 

ClJ.  T  ii, 

_  0.4  +  0.6a 

.  1  f  Q 

Furthermore,  at  high  Mach  number  (M^  >  4),  where  the  compressibility  etf(*cts  on 
turbulence  becomes  significant,  the  law  of  the  wall  is  extender!  to  compressible  flow  through 
the  use  of  the  Van  Driest  transformation  /88/.  Then  the  effectivr'  u'^  br-comes: 


1  /*U  i - 

I/+  =  ~  f  [—( 

»  '  h  V  ■ 


(3  -  2.-J) 


The  wall  values  are  evaluated  by  assuming  that,  in  the  vi'iy  ni'ar  wall  region,  the  heat 
flux  behaves  as  in  Couette  flow,  namelv: 


which  integrates,  for  adiabatic  flow,  a.s: 
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The  laminar  and  turbulent  Praiultl  number.  Pr  and  Pr,  are  taken  as  0.72  and  0.90 
re.spectively.  The  matching  between  the  two  n'gions  is  assumed  to  occur  at  y'*'  =  10 
(corresponding  to  y,,  and  a,.). 

Nevertheless,  troubles  arise  when  this  morh'l  is  used  for  turluflent  flows  when'  sig¬ 
nificant  secondary  effects  are  present,  such  a.s  curvature  or  strong  pressun’  gradients.  A 
rea.son  for  tiiis  is,  a.s  stated  previously,  that  all  th<'  modelling  assumptions  rely  on  the  fart 
that  the  boundary  layer  is  in  strict  equilibrium  or  chtsi'  to  that, 

Alber  /113/  proposed  an  imj)rov<'ment  for  separated  flows.  First,  the  damping  law  of 
Van  Driest  is  modified  to  account  for  longitudinal  i)n'ssure  gradients  in  the  following  way: 


/  =  a-  y  ( 1  -  exj)( 


y 

.A+//.,. 


Op  \ 
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Then  in  the  evaluation  of  the  momentvuu  thickness  for  the  outer  viscosity.  .411rri 
suggested  to  start  the  integration  from  the  zero  velocity  line  rather  than  from  the  wall 
itself.  For  strongly  sejjarated  flows,  this  could  improve  th<'  flow  prediction  significantly. 


3  2  THE  BALDWIN-LOMAX  MODEL 


Th('  major  drawhark  of  the  C'ola'ci  i  t  al.  modol  /41/  was  (‘xponcia  isl  tor  slsu-k  wa\(' 
tm'bnh'nt  bomulary  layer  iiiteraetioiis.  liuleed,  the  \t  ly  stioiiu,  ad\eise  presMire  gra<li 
eiits  ill  tlu'  longitudinal  direction  provokes  Ixmiidary  layer  separation,  whereas  pri'ssure 
gradii'iits  in  llu'  transverse  din'ction  trend  to  iiu'alidate  the  honndary  layer  character  o*" 
tlu'  How,  and  also  the  iinir'ersal  prop<*rti<*s  assumed  tor  this  type  of  flow  in  the  modelling 
assumptions. 

jiractical  iirobhun  with  th<'  use  of  the  Cebeci  rt  al.  model  /41/  is  to  find  the  exact 
position  of  the  boundary  layer  edge  when  the  How  separates  or  reattaches  to  tlie  wall. 
The  Baldwin-Lomax  model  /42/  ( her«'aft<u'  B-L)  is  an  algcliraic  model  patterned  on  the 
Cebeci-Smith-Mosinski  proposal  (hereafter  C-S-M),  with  a  inodiHcation  to  inipio\<'  the 
prediction  of  separated  Hows.  Before  going  into  the  detailed  description  of  this  model,  it 
must  be  pointed  out  that  it  was  develojijred  iiriniarly  for  2-D  and  eventually  3-D  Hows.  At 
the  opposite  of  the  C-S-M  model  which  was  designed  for  boundary  layers,  the  B-L  proposal 
wa.s  thought  for  Navier-Stokes  calculations,  where  the  two  velocity  components  can  Ix’  of 
et[ual  iiniiortance.  That  feature  explains  why  the  B-L  is  slightly  more  general  than  the 
C-S-M  for  the  evaluation  of  the  turliulent  scales. 

.4gain,  it  is  a  two-layer  eddy  viscosity  model  in  which  /o  is  given  by: 


f  (/'()i  0  <  1/  <  /y, 


(3  -  29t 


where  y  is  the  normal  distance  from  the  wall  and  yc  can  be  defined  as  the  smallest  value 
for  which  the  two  formulations  are  eriual.  For  the  inner  legion.  tlu'  Prandtl  mixing  length 
foriimlation  /2/  is  used  with  a  time  scale  linked  to  th(‘  local  vorficity  u.'  rather  than  to  a 
simple  velocity  gradient; 

(//,),  =  p/ (3-30) 

The  mixing  length  itself  uses  the  Van  Driest  concept  of  damping  length  /37/  to  in¬ 
corporate  the  wall  viscosity  effects: 


/  =  SI/  (1  -  <'xp(-  — )) 


(3-31) 


The  modulus  of  the  local  vorticity  is  evaluated  from: 


'  du  di' 


dv 

dz 


die 

Oy 


+ 


On- 

D.r 


dll 

d^ 


(3-32) 


and  the  wall  units  are  expressed  as: 


/<«. 


(3  -  33) 


There  is  no  fundamental  difference  with  the  C-S-M  model,  uj)  to  that  jioint  except  that 
using  the  vorticity  variable  makes  the  formulation  more  general.  The  major  modification 
concerns  the  outer  region; 


(/l|)o  —  cr  Cr/)  p  f'wakt  f'l\  leli(  y  ) 


(3-34) 
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a  is  the  same  constant  as  in  the  previous  model  (a  =  0.0168),  CVjj  is  tin  additional  constant 
and  Fwake  can  be  defined  in  two  different  manners,  depending  on  the  existence  of  a  solid 
boundary  or  not.  Thus: 


Fwake 


lltnai  t  max 

Cxvk  J/mar  di  f  I 


(3  -  35) 


Fwake  takes  the  smallest  value  between  the  two  expressions  m  (3-35).  The  values  of 
Vmax  and  Fmai  are  evaluated  from  an  expression  including  a  damping  coefficient  similar 
to  the  one  used  by  Van  Driest: 


F{y)  =  y\u)\(l -ex\)(-  —  ))  (3 -36) 

The  quantity  F,„ax  is  the  maximum  value  of  F(ij)  which  occurs  in  a  profile,  and  y,nax 
is  the  corresponding  distance  from  the  solid  wall.  As  in  the  jirevious  model,  the  outer 
region  viscosity  is  weighted  by  an  intermittency  factor  Fri,;,,  which  is  evaluated  by  the 
best  fitting  expression  of  the  Klebanoff  experimental  data.  The  intermittency  factor  is: 

FKubiy)  =  (1  +5.5  t3-37) 

y  ff)  n  X 

The  quantity  Hrf,/  represents  a  velocity  scale  equal  to  the  diffinenci'  l^etween  maximum 
and  minimum  total  velocity  in  a  given  profile  (i.e.  at  a  fixed  x  station). 

"</)/  =  (\/ +  tc'^)  -  I  \/ +  e-  +  tc^)  (3-38) 

Naturally,  the  second  term  in  u,/,/  is  zero  for  the  case  of  attached  flows.  In  wake 
flow  configuration.  l?oth  terms  must  be  taken  into  account.  For  the  casi'  of  separated 
botmdary  layer,  it  is  advisable  also  to  con.sider  the  d.irection  of  the  velocity  vector,  at 
least  in  the  .separated  region.  In  fact,  the  outer  formulation,  which  is  described  with 
equations  (3-34)  and  (3-35).  can  be  used  in  wakes  as  well  as  in  attached  and  in  s('parated 
boundary  layers.  Practically,  the  product  y,„,ix  F,„,,x  replaci's  in  the  C-S-M  model 
and  the  combination  ijmax  i‘-difl^">^r  replaces  h  aj,f  in  the  Reichardt  /35/  formulation. 
As  a  result,  the  distribution  of  vorticity  is  used  tc)  evaluate  the  length  scales,  .so  that 
determinati<jn  of  the  })oundary  layer  edge  is  not  nec(>.ssary.  The  use  of  that  turbuh'uce 
model  requires  the  knowledge  of  varioiis  constants.  fi)r  which  the  values  are  given  in  the 
following: 

.4+  =  26  CV,,  =  1.6  C'KUh  =  0.3  C\,^  =  0.25 
6-  =  0.4  a  =  0.016S  Pr  =  0.72  Pr,  =  0.9 

So  far,  although  being  nearly  as  widely  used  as  tlu*  C-S-M  modi'l.  the  B-L  model  has 
not  been  tested  against  flow  configurations  including  strong  heat  and/or  mass  transfer. 
The  heat  transfer  mechanisms  are  handled  throiigh  th<*  definition  of  a  constant  turbulent 
Prandtl  number,  and  as  discussed  earlier,  this  remains  a  fairly  reasonable  assumption  for 
air  flows. 

During  its  preliminary  use,  this  model  was  slightly  modified  to  produce  a  transition¬ 
like  phenomenon.  This  was  achieved  by  .s('tting  tlie  tui+ulent  viscosity  ecpial  to  zero  all 
across  a  giv'en  profile,  unless,  at  k'ast  in  one  ])oint,  the  calculatc'd  turbulent  viscosity  was 
larger  than  14  times  the  moh’cular  viscosity  value.  This  technique  was  able  to  produce  an 


f.  r 


artificial  transit iou-like  process,  althonp,h  the  j)hysical  iu<-chanisiiis  respouslhlc  for  it  m  the 
reality,  could  not  be  accounted  for  in  the  time-averaged  Navier-Stokes  etiuation^. 

Another  feature  of  this  turbulence  model  is  that  its  use  inis  been  restneted  luo^rly  to 
the  thin  layer  approximation.  Different  from  the  boundary  layer  assumjition  which  inijioses 
dra.stic  simplifications  of  the  Navier-Stokes  equations,  the  thin  layer  assumpTion  neglects 
the  diffusion  processes  parallel  to  the  bo<ly  surface  but  retains  all  thrt'e  of  the  momentum 
equations  (for  3-d  flows)  and  makes  no  a.ssumption  about  the  pressure  gradients  tiormal  to 
the  solid  wall.  In  the  reference  /42y^  Baldwin  and  Lomax  justify  the  use  of  the  thin  laym 
approximation,  not  only  by  the  simplification  brought  tt)  the  coding,  but  also  by  stating 
that,  due  to  the  mesh  stretching  in  the  high  shear  zones,  the  diffusion  ti'mis  jiarallel  to 
the  solid  surface  cannot  be  resolved  properly. 

Shang  anil  Hankey  /62/  suggested  accountting  for  turbulence  memory  i  ffects  by  dis¬ 
placing  the  eddy  viscosity  value  along  the  main  flow  direction.  This  is  eipiivaleiit  to  allowing 
a  given  response  tinu-  of  the  turbulence  to  the  mi'tm  fii'ld  distortion.  To  peiform  this,  the 
eddy  viscosity  is  calculated  as: 

=  (A'Our  +  ({/'()fv  ~  ~ YoT  ~ 

where  (pdup  is’  the  calculated  eddy  viscosity  at  the  inititd  location  of  the  pie.ssure  distur¬ 
bance,  [i.it)eq  is  the  calculated  equilibrium  value.  The  streamwise  distance  la-tween  these 
two  locations  is  denoted  by  A.r  tuul  b  is  the  Itoundary  layer  thickness  at  the  initial  station. 
This  modification  has  been  implemented  in  j»  C-S-M  mod<d  in  which  tht'  intermittency 
function  was  removed. 

3.3  THE  MICHEL-QUEMARD-DURANT  MODEL 

This  model,  which  is  simpler  than  the  previous  ones  has  Ix-en  itroposi-d  initially  In- 
Michel  et  al.  in  1969  /ir2/.  A  unique  law  is  usetl  for  inner  and  outer  regions  of  equilibrium 
turbulent  boundary  layers.  It  writes  as: 


/'( 


dU 

dy 


(3  -  40) 


The  mixing  length  behaves  linearly  with  the  wall  distance  in  the  wall  region  and 
becomes  I  =  0.085  b  in  the  outer  part.  A  common  relationship  is; 

/  =  0.086  S  tanh  (  ~  (3-41) 

V  0.085(5/ 

As  for  the  inner  formulation  of  the  pi'evious  model,  the  mixing  length  needs  some 
damping  to  account  for  the  dominant  viscous  effects  in  tlie  very  near  wall  region.  To  do 
so,  the  correcting  function  F  is  written  as: 

F  =  1  -  exp  (3-42) 


As  Tr  contains  itself  the  turbulent  viscosity,  a  classical  Newton-Raphson  method  is  needed 
to  solve  (3-40). 
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4.  TRANSPORT  EQUATION  MODELS 

The  major  criticism  wliich  can  be  addressetl  to  all  ali«;elaaic  tiu  biilcucc  models,  i  hat 
the  turbulence  is  too  tightly  linked  to  the  mean  Held.  The  turbulence  is  desciibt  <l  only  by 
mean  flow  properties  rather  than  by  the  turbulence  proja  rties  themselves.  Therefore,  u 
was  suggested  that  the  use  of  Held  equations  to  dt'scrilte  glolially  one  or  more  charactei  ist  ic 
turbulent  scales  would  be  a  better  approach.  This  teclmi<iue  allows  the  tmbuleuce  tit  id 
have  its  own  memory  rather  than  being  deiieudeut  only  the  local  mean  Held  valutas.  The 
first  attempt  has  been  to  use  an  etjuation  for  the  turbulent  kinetic  energy  in  ordt-r  tt) 
determine  a  characteristic  velocity  scale  for  the  turliuleut  motion  Thus,  tlie  one  t-tpiaiion 
or  kinetic  eiu'igy  model  uses,  in  addition  to  the  mean  flow  equations,  a  jiartial  differential 
equation  for  the  tract'  of  the  Reynolds  strt'ss  tensor,  k  =  a,  (/,  /'2. 

From  a  simple  manipulation  of  the  instantaneous  Xavier-Stokes  eipiations,  derittition 
of  a  transport  equation  for  the  Rt'ynolds  stress  components  \ield--: 


d  5.,-.  r  ^  t-  S.i 

=  '■  i'''''’ a,-, .3.-, 

^  ar,. ) 

<“ar.4 

—  dp 
'^dx,. 

( 4  -  1 ) 


By  taking  advantage  of  the  contracted  indt'x  convt>ntion  (o  =  .i  and  snmnuition)  tuiti 
dividing  the  resulting  equation  by  2,  we  obtain  th<'  exact  form  of  tlit'  transport  ('tiuation 
for  the  turbulent  kinetic  energy-; 


A')  +  ^  (p  (~T  k  +  P  e”  A-  +  ('"p'  -  //  r;;So,) 


_  r--.,  ,  dvl  —  dp  di'l 

dx^  ^ ^  dx,  dx„  dx. 


(4  -  2) 


The  reader  should  note  that,  for  variable  density  flows,  the  corn’lation  betwei'ii  pres¬ 
sure  fluctuations  and  the  divergence  of  the  velocity  fluctuations  is  not  strictly  ecjual  to 
zero  as  it  is  for  incompressible  flows.  The  same  remark  applies  also  to  tlie  mean  pressure 
gradient  contribvition.  A  one-ecjuation  model  for  turbulent  comin'essibh’  flows  was  pro¬ 
posed  by  Rubesin  /43/  and  investigated  by  Viegas  and  Horsfman  /44/  for  different  cases 
of  shock- boundary  layer  interactions. 

The  model,  originated  with  Prandtl  /45/  and  Kolmogorov  /4C/  was  based  initially 
on  local  equilibrium  assumptions  for  the  turbulence.  Under  these  conditions,  the  one- 
equation  model  is  equivalent  to  a  standard  algebraic  one.  Glushko  /47/  was  the  first 
to  effectively  solve  the  A--equation  for  incompressible  botindary  layers  b}’  using  modelling 
as.sumptions  to  accoiant  for  the  different  terms  in  the  transport  equation.  Then  it  was 
studied  later  by  Beckwith  and  Bushnell  /48/  in  more  complicated  boundary  layer  flows 
and  finally  was  generalized  by  Rubesin  /43/  to  compressible  flows  aising  the  mass- weighted 
decomposition  /49/.  A  similar  model  has  also  been  studied  by  Bradshaw  et  al.  /53/  for 
boundary  layers  and  by  Lee  and  Harsha  /54/  for  free  mixing  jaroblems.  As  with  algebraic 


turbulfiice  motlfls,  Reynolds  sM't'sse<  are  evaluated  fioiii  a  luailu  ut  tlnx  aj ipi ( ixiiiiat >u 
(see  e<.|uatiou  (3-1)).  If  x/A’  is  tht^  turiadeut  eharaeteiistie  vein  'Ty  ali-.  the  i  ii,!y  '.  '.'aiiNity 
must  be  written  as; 

///  —  \/Ta  I  i  3 ' 

in  which  /  is  a  length  scale  which  char:ict«'ri/«'s  the  si/e  of  the  laii;est  turbulent  eildii  1  ha.t 
length  is  to  be  detennined  in  a  inort'  or  less  eniitirical  fashion.  Practically,  the  unceiiamtn  s 
concerning  the  evaluation  of  this  jxttriuneter  Inippened  to  be  so  large  that  the  length  -cale 
itself  was  considered  also  as  :i  held  ([uantity.  Tliat  leads  to  more  complex  tuibuleini- 
models,  in  which  at  least  two  transjxtrt  (xpiations  are  needed  to  soht'  the  tm bud  nee  tield. 


4  1  A  ONE-EQUATION  MODEL  FOR  COMPRESSIBLE  FLOWS 

Indept'ndently  from  the  detf'rmination  of  the  h'ligth  scale,  it  is  necessary  tn  establish  a 
couple  of  modelling  assumptions  in  order  to  solve  the  turltulent  kinetic  em  igy  ei[u;ition  (  4 
2).  Unknown  terms  corresjtond  to  various  ditfnsion  mechanisms,  to  the  energy  pn  alui  tion, 
to  the  interaction  betwt'en  the  pressure  Huctutitions  ;uid  the  instantaneous  Ixulk  dilatation, 
to  the  mean  pressure  gradient  [uoduction  :uid  to  the  meclianii  al  clissi]iation,  llie  last 
term  is  linked  directly  to  tlu'  evahuition  of  th<'  secoml  chiircteristic  sctde  which  will  be 
discussed  below.  The  modelling  of  the  production  term  lelies  only  on  the  basic  gitidient 
flux  approximation  to  relate  the  Reynolds  .str<‘sse,s  to  th<'  mean  qu.antiries.  But  difl’eienrly 
from  the  algebraic  ca.ses.  th<'  kinetic  energy  is  not  n<’g!<>cfed  in  equafioti  (3  li  and  can 
appear  expliciti.dy.  Therefore  the  prodttetion  is  written  ;is: 
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The  modelling  of  the  diffusion  tt'rms  is  nd.itively  easy  afti'r  the  following  ;issumi>tions: 

•  for  high  values  of  the  turbulent  Reynolds  immber  ( wiiiclt  c;tn  Ixe  fot  instance,  thi'  rtttio 
of  the  eddy  viscosity  to  the  molecular  on<>).  the  viscous  diffusion  effects  ;ue  negligibl(> 
compared  to  the  diffusion  due  to  the  velocity  fluctinttions,  Howe\'er.  in  the  solid  wall 
vicinity,  this  assumption  does  not  hold  and  the  molecular  diffusion  musi  be  account ('d 
for  explicitly. 

•  the  diffusion  of  turbulent  kinetic  energy  by  the  pressure  Huctmitions  is  sm:dl  and  c;m 
be  neglected  (see  for  insta.uce  the  incompressible  exp«’riment;d  results  of  Irwin  /oO/). 

The  complete  diffusion  term  can  be  written  as; 
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in  which  pfc  is  the  sum  of  the  molecular  diffusivity  coefficient  and  its  turbtilent  counter¬ 
part  weighted  by  a  turbulent  Schmidt /Prandtl  numlter.  For  wall  bounded  flciws.  the 
turbulent  viscosity  must  depend  upon  the  turbulent  Reynolds  number.  This  dejien- 
dency  is  determined  empirically  to  match  experimental  data.  Rultesin  /43/  proposed 
the  following  expression  for  the  viscosity  coefficient: 

Pt 

Pr, 


Pk  =  p  + 


(4-6) 
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C,  is  a  coiistaut  wliich  I'-latf-,  for  .'ai-li  t-\|>ci  iiii<  nt .  thr  iH.iualaiy  layi  tha-kia  a  t.i 
fill'  moiiii'Hf  tiin  rliickuos  ahrad  <>t  tlu'  '<']>aiati(iii  /inu’.  \alu>'  i  if  (  '  f.  .i  .  ai'h  IH'a  Ii  -'■<  d 
at  Aiiu's  is  nivi'u  hclow: 


!- tiaii'i  Hill- a.\i>y  luiiK’t  i  ii-  ('  -.  1..7t 
—  tiaii'-ouic  2  -  D  C.  -1  7.7 

—  sujx'rsonia  loinjui's^iiiii  ( ',  •  !}  .70 
—  <)l)li([u<'  >lii«'k  f 4.00 

Tiic  scarcity  of  these  vaha's  shows  the  weakiics"  of  the  f  m  huletice  :.:.i(!e!,  which  ap 
pctirs  to  iieetl  ;t  "ttmiiio;"  for  ('a<'ii  How  confirm :0 ion  at  the  ev],eica'  a  ininimniu  of 
universality 

As  statt'd  previously,  most  of  th<'  ai)[>lications  haviiu;;  heen  done  .at  NASA  Ames  with 
tliis  oiie-equatioii  ttirltulema-  iuod«'l  /ol/.  /52/  did  nt'u,lect  the  coinitn'ssihility  term-,  in 
removing  explicitly  one  of  them  from  the  etjuations  and  in  setting  to  zero  the  constant  f. 
Nevertheless,  dtie  to  the  scarcity  of  the  various  constants,  wldcli  must  he  run<'d  to  eacli 
flow  application,  it  seems  jtrein.af ur.ate  to  neglect  them  at  this  j)oint.  Indeed  wi'  will  see  in 
a  following  pariigra])h.  tlnit  with  ditterent  models  using  ;dso  the  turlmlent  kinetic  energ\' 
etpiation.  fh<  cxi..tcnce  of  prec-  ti'-e  gradi<’nf  terms  phavs  a  non  negligilile  influence  on  tlie 
piaaliction  (piitlity. 

To  summarize  the  formulation  for  tht'  tnrlmhmt  kinetic  energy  e(ju;\tion.  the  /.  trans¬ 
port  is  described  with  the  following: 
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in  which  the  compressibility  terms  ;ire  ex j tressed  tictatrding  to  /43/  tmd  the  (atnstant  C'y  is 
etjual  to  3.93  and  s  etjnal  to  8/11. 


Iii<lfj)*’U<l<'ur  1\’  ot  t h<“  UM’  i>i  ot  th<'  r<)iuii!i''"-it>ihty  ti'iui'.  a  whiji  r  (li  ti  ^t' 

have  Ix’fii  [X'lfoi'tiK'il  iti  rli<“  u  ii  ifitri-  io'i!  )/\'  C'<><'iki*’y  mil}  \  icaa-'  in  jxiiajia  fi’ji/i  th< 
(litiVn-nt  coiisraiits  u^rd  m  tlx-  <iiu'  f<j\ia( n m  t lulnili-ucf  luixii  l.  i  .o  tin-  fuil'uli m  I’land.t! 
tminlx'i's,  Altliouyht  tlx'v  were  able  to  xaiii  an  inii»i'oviu<  ut  in  tlicn  iiow  |)iiHlx'niiU'.  th.  \ 
(lad  to  (■(»nc!tnl»'  liowtnrr.  tliaf  it  ix-ai-a'-aiy  to  inin-ax  tlx-  tiaii'tti  > 't  adx  a  mat  ;o:; 

betwt'fu  tlic  iiH'iin  and  the  tuil  a'  .it  inofions.  in  Ixith  diirction^  I  !u^  notion  n  i  i)ni\al<  nt 
to  (in  iiuTcasc  in  the  couphaR  Ix'twcen  the  Xavicr-Stokc''  aial  tix-  nulaiiont  Maii'iioit 
(■([nations.  For  tliis  ri‘ii'-.<n.  two-cijuation  models  are  more  attraetiia  .  tx  (-aii^e  rhe\'  piox  id., 
<mtom(af  ically  a  lenji,rh  seah'  winch  einhodies  more  [divsics  ot  the  flow  than  tlx  alL'xl  n  am¬ 
or  the  (me-e<[i  ‘ion  models  do. 


Allot  her  ajuilicat  ion  of  the  one  e(Htat  ion  t  nrhnlence  nuxlel  has  i  x-en  jiioix  iscil  1  ly  W  o|t 
shtein  /1I4/  atid  nuxiiHed  iiy  Chen  .and  fhatel  The  di  sipation  of  tuthnaiic.  n 

rxjiressed  as: 
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.and  the  t.irlnilent  viscosity  i'- 
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The  turhuleut  length  scales  ;tre  wiitten  as: 
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with  the  following  iiarameters: 
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C,,  --  0.09;  Cl  =  2.55:  .4,,  s.  70:  .4,  =  2*7 


4  2  THE  TWO  EQUATION  TURBULENCE  MODELS 

Various  choices  are  [lossihle  concerning  the  definition  of  the  second  cli.at .acterisf ic 
turbulent  scale.  From  diuiensiomd  iuialysis.  it  is  clear  that  tlx*  determination  of  a  visvosity 
coefficient  re<[uires  ;i  length  .and  a  velocity.  This  does  not  me;in  tluit  a  tiamsjxirt  e((u;ition 
is  strictly  re(|uired  for  these  two  <[u.antities.  In  f;ict.  .after  the  Hist  choi.c  luis  lieeii  naide 
conct'rning  ;i  trans[X)rt  e([u;ition  for  the  turbulent  kinetic  energy  (as  a  velocity  scale),  the 
secoml  transjaort  e<[uation  can  use  any  vtirialile  Z  defiixxl  .as: 

Z  =  r'  L"  (4-lG) 

in  wfiich  etich  (aanbination  of  the  indexes  in  and  n  will  deHne  :i  different  \ari.able  Z. 
Tht'  "game"  in  the  two  (’([inition  turbulence  modelling  consists  in  selecting  the  better 
combination.  Launder  and  Sjialding  /5G/  reviewed  in  1972  the  different  varialiles  h.iving 
been  tested  at  that  time,  and  it  seems  that  nothing  new  came  out  since  that  datt*.  as  far  as 
the  variable  choice  is  <amcerned.  Rtither  than  exploring  all  [lossibilitif's.  the  emphasis  will 


be  put  in  the  following  on  two  or  three  twt>  equations  models  which  have  hei  ii  ehect iv<  ly 
used  for  compressible  How  calculations. 


4  2.1  THE  k  -  f  MODEL  FOR  COMPRESSIBLE  FLOWS 

This  model  is  certainly  the  most  popular  turbulence  model  of  its  clas>  and  the  most 
widely  used,  at  least  for  complex  boundary  htt'er  Hows.  Its  success  is  p;iitl}  <hie  t;.  ila 
physical  meaning  of  tht'  st'cond  transported  variabh'  which  is  tht*  true  dissipation  ol  tin 
turliulent  kinetic  energy.  In  the  Reynohis  stress  trtuisport  equation,  there  is  ;i  dissqjation 
term  related  to  each  of  the  stress  comi>onents. 
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C'ontrticting  the  indexes,  summing  ;md  <lividing  liy  2  yiiiils  the  dissiiiat a m  i;ite  of  the 
turliulent  kinetic  energy,  as  it  tipiiears  in  the  extict  tuiiisport  l•quatlon.  .Assuuium  that 
the  dissiptitive  meclianisins,  which  ;ire  due  to  the  mole<-ui;ir  \iscosity.  exist  only  for  th<‘ 
snuillest  sctiles  of  the  turbulence  tind  tha.t  tliese  mecha.msins  a.re  isotropic,  the  definition 
of  the  dissiptition  c;m  lie  written  iis: 
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The  derivtitiou  of  a  transport  etpuition  for  f  is  ;i  t<*dious  t.ek.  From  a  n'hativels'  long 
inaniiiulaf  ion  of  the  instantaneous  N tivier- Stokes  tapiat ions,  the  result  is  an  e(|uation  which 
covers  more  tlitin  ;i  full  page  of  p;q)(>r  (or  two  pages  if  tht'  writing  is  not  too  tight,  see  for 
insttuice  /So/  or  /27/).  This  e<iuation  contains,  in  ftict.  ti  very  huge  number  of  tinknown 
correlations,  which  tire  not  directly  acct'ssible  to  modelling.  .Although  many  attt'inpts 
have  been  made  earlier  to  t'vahuite  ami  motlel  in  tt  tt'rm-to-term  iiuuiiit'r  the  'litferent 
components  of  tht'  e(|uation.  it  is  gt'nt'rally  admittetl  now  that  its  nuidelling  ctiii  be  matie  in 
a  snnjiler  manner  with  a  gioiial  apiiroach  which  establishes  a  functiontil  similittule  betwt'en 
turbulent  kinetic  energ\'  and  di.ssipation  rate  etpiations. 

Before  going  on  with  the  details  tif  tht*  tlissiiitition  rate  etpiatitin.  let  us  look  agttiu  tit 
the  open  ftirm  of  the  kinetic  energy  etpiation  (4-2). 
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The  basic  difference  with  tht'  modelling  in  tht'  one-etiuation  motlel  is  the  definition  of 
the  turbulent  viscosity.  Rather  than  l>eing  linked  to  an  algebraic  length  scale,  this  viscosity 
can  be  determined  with  the  dissipation  rate  thnmgh  the  relation: 

P,=C,.f,,p^  (4-19) 

The  constant  Cfi  has  the  value  0.09  and  the  function  /,, ,  which  is  turbulent  Reynolds 
number  dejiendent,  allows  damping  the  turbulent  diffusion  mechanisms  in  the  wall  vicinity 


for  tlu'  ciist'  of  houudary  layci^.  W^th  the  saiuo  approxnnariou''  for  tiio  coiupK  ^sihiliry 
tt'riiis  (moan  j)ri'ssun’  gradient  and  pressure  velocity  divergence  correlation,  .'-ee  chapter 
C),  the  modtdled  t><tn;ition  is  written  now  as; 
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{p  ^’i'a  -  Pk^ -  )  =  Pk 

d.r  , 


+  C'onii»ressil)ility  (4  -  21)  i 


in  which  P*,  the  tnrhnient  kinetic  energy  production  stands  foi-; 

p  op:, 

Pk  =  -p  c„c.,  Tj — 

0.r- 

The  third  term  on  the  R.H.S.  is  new.  Its  role  is  an  aid  for  the  immt'ricid  methods,  which 
prefer  to  have  classical  Dirichlet  Ironndaiw  conditions  such  as  f  =  0  at  tiie  wiill.  Indeed, 
the  boundary  value  of  the  turbulent  energy  dissipation  rate  is  different  from  zero.  Join's 
and  Launder  /5S/  showed  that,  liecause  of  the  linear  dependency  of  velocity  fluctuations 
with  the  wall  distance  (in  the  very  near  wall  region,  y"*"  <  1 ).  the  total  dissijiation  in  this 
region  behaves  as  a  constant,  depending  on  k  profile: 


/dVk\^ 
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Such  condition  causes  a  numerical  inconsistency  when  k  ^  0  in  the  ratio  P^/k.  To 
avoid  this,  it  is  convenient  to  split  the  total  dissipation  into  its  isotropic  and  anisotropic 
parts.  The  isotropic  part  of  the  dissipation  e*.  which  cancels  for  ly  =  0.  can  them  be 
expres.sed  as: 

Therefore  it  is  pr  *ferabl<'  to  .solve  an  equation  for  the  i.sotropic  dissipation.  This  etpia- 
tion  should  come  form  dly  from  the  instantaneous  form.  In  fact,  it  has  a  form  analogous 
to  the  A*-equation  provided  that  an  explicit  scale  factor  aiul  suitai>le  parameters  allow  dis¬ 
tinguishing  the  different  nu'''hanisms  from  those  in  the  turbulent  kinetic  energy  equation. 
This  equation  is  written  as: 


o'?')  -f- Compressibility 
p  \  Oxi  / 


(4  -  22) 


The  importance  of  the  term  preceding  the  compressibility  terms  is  not  as  clearly 
justified  as  in  the  previous  transport  eipiation.  The  reasoning  to  sujrport  it,  is  related  to  the 
vortex  stretching  in  the  wall  layer,  but  its  form  was  determine<l  in  a  rather  empirical  manner 
by  Jones  and  Launder  /58/.  Practically,  its  effect  is  to  locate  correctly  the  position  of  the 
turbulent  energy  peak  in  the  boundary  layer  profiles,  when  compared  to  the  experimental 
data. 

To  complete  the  equations  (4-18),  (4-19)  and  (4-21),  two  turbulent  Reynolds  number 
dependent  functions  are  needed  for  the  correct  treatment  of  the  wall  vicinity. 


/2  =  1  -  0.3exp(-/?e<);  =  exp(- 
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where  Pr*  and  Pr^  are  analogous  to  turbulent  Schinidt/Praiultl  nunil)ers,  of  which  the 
respective  values  are  1.0  and  1.3;  the  constants  are  Ct\  =  145  and  C,)  =  1.94. 

The  topic  of  the  influence  of  the  compressibility  terms,  both  in  the  etpiaticais  for  A- 
and  e  is  still  an  open  question.  These  terms  have  always  been  neglected  in  the  calcula¬ 
tions  performed  at  Ames.  Nevertheless,  the  domain  of  applicability  was  always  restrictt'd 
to  transonic  or  weakly  supersonic  flows.  But  it  is  quite  easy  to  mention  examples  wheia’ 
these  terms  are  really  needed.  Borghi  and  E.scudier  /59/  reported  flaiue  calculatiojis  in 
which  the  modelling  of  the  i>ressure  terms  has  to  be  incluch'd  in  the  turbulence  model. 
Furthermore,  they  observed  that,  any  additive  source  contribution  in  the  turbulent  energy 
equation  requires  a  counterpart  in  the  dissipation  equation.  Usually  that  counteri^art  has  a 
similar  structure  with  a  different  characteristic  time  scale,  ))ut  any  attemjjt  t(2  solve  the  set 
of  equations  without  it,  is  unsuccessful.  The  author  /60/  obtaiiu'd  quite  similai'  results  for 
the  calculation  of  the  heterogeneous  mixing  layer  of  Brown  and  Roshko  /12/.  To  acccvunt 
properly  for  the  external  pressure  gradient  and  then,  to  match  l)oth  the  spreading  rate  of 
the  mixing  layer  and  the  turbulent  energy  level,  the  pressure  terms  were  needed  in  the  two 
equations  simultaneously.  In  reference  /61/.  Arina  and  Benocci  experienced  difficulties  to 
calculate  correctly  compressible  boundary  layers  in  presence  of  strong  j^ressure  gradients. 
One  of  the  reasons  (but  not  all  of  them)  is  probably  due  to  the  total  absence  of  explicit 
compressibility  terms.  A  further  motivation  for  these  extra  terms  can  be  found  in  /27/, 
where  an  attempt  to  show  the  spieading  rate  of  a  supersonic  shear  layer  for  various  free 
stream  Mach  number  values.  Without  the  compressibility  terms,  the  calculation  did  not 
reproduce  any  influence  from  the  free  stream  Mach  number,  whereas  the  presence  of  pres¬ 
sure  terms  (with  slightly  different  modelling  a.ssumpti(7ns  from  tho.se  of  Rubesin)  allowed 
obtaining  a  correct  dependence  until  Me  —  4. 

When  averaging  the  Navier-Stokes  equations,  not  only  the  motion  equations  are  af¬ 
fected,  but  al.so  the  energy  equation.  Consider  the  open  form  of  the  total  energy  equation: 

d  d  d 

-^)  =  0  (4  -  27) 

Using  the  Newton’s  and  Fourier’s  laws,  it  can  be  expressed  as: 

|(pE)+^(p  5;  E  +  P  ^" )  =  V  K 
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and  the  turbulent  Reynolds  number  is  defin<-d  as: 
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The  diffusivity  coefficients  are  expressed  as: 
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(4  -  28) 


The  equation  of  state  relates  the  pressure  to  tlie  teiui)tnaf ure,  arid  it  follows  for  the 
fluctuations  that: 


P  '’a  d-p'f’a  =  (■/  -  1)  Cl.  p(^c”  +  T”t-”  )  =  (1  -  1)  r,,/j  T"v\ 
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The  total  energy  can  be  expressed  in  terms  of  the  intc>nial  and  kinetic  energies  and 
this  yields  the  introduction  of  the  turbulent  energy  flux: 


P  £”’1’”  =  C„  p  T'v^  +  p  I'^td  +  p - ^ 


(4-30) 


The  use  of  gradient  approximation  for  the  temperature  and  tht'  kinetic  energy  fluxei 
implies  that; 
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Finally,  with  the  neglect  of  the  fluctuations  of  the  laminar  viscosity,  thi’  energy  (-qna- 
tion  can  be  written  as'; 

^(p£)+^^((p£  +  P  +  -  Pj{p  +  pt)S<,j) 
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(4-32) 


in  which  t’^  is  part  of  the  compressibility  corrections  still  to  be  modelled  (see  chapter  C). 

This  points  out  that  the  modelled  energy  equation  is  significantly  more  complex  than 
the  instantaneous  one. 

Being  the  most  popular  two  ecjuation  turbulence  model,  the  k  —  f  set  of  equations  has 
also  been  extensively  modified  or  adapted  to  various  problems.  Liakopoulos  /65/  reported 
high  speed  boundary  layer  calculations  with  wall  functions  for  the  prescription  of  k  and  e 
boundary  conditions.  Chien  /63/  proposed  a  modified  version  of  the  Jones-Launder  model 
/58/  to  describe  more  accurately  the  w'all  vicinity  of  an  incompressible  boundary  layer. 
From  a  Taylor  series  expansion  of  the  velocity  fluctuations  when  y  — >  0,  Chien  deduced  a 
different  form  of  the  anisotropic  dissipation  at  the  wall; 


£«.  =  2v— 


(4-33) 


This  quantity,  that  Chien  qualifies  ’’wall  dissipation”,  is  assumed  to  be  one  component 
of  the  dissipation  term  which  must  be  present  in  the  kinetic  energy  equation  to  handle 
properly  the  low-Reynolds  number  effects.  Therefore  the  turbulent  energy  equation  is 
expressed  (in  boundary  layer  form)  as: 


O  ,,  Cf  .  O  (  Pi  dk\  /0u\^  2pk 

+  =  +  — (4-34) 
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A  damping  effect  is  also  included  in  the  turbulent  viscosity  calculation  to  account  for 
the  presence  of  the  solid  wall; 

^  f  ,  Ci  Ur  y  s\ 

n,  =  C^— ^1  -  exp( - - - )j  (4-35) 

where  pt  is  the  friction  velocity  and  C'i  is  a  constant  to  be  optimized.  The  argument  of 
the  exponential  is  equivalent  to  a  turbulent  Re}molds  number  who.se  the  length  scale  is 
the  wall  distance  and  the  velocity  scale  is  the  friction  velocity.  As  exjiected  from  pre\  ions 
remarks  but  with  different  reasoning,  the  6-equation  must  include  a  wall  dissipation  term, 
which  is  similar  in  form  to  eq.  (91). 
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where  C,4  is  another  constant.  The  f-<lissipation  term  is  also  corrected  with  a  turbulent 
Reynolds  number  function.  To  summarize,  the  tlissi[)ation  equation  for  low  Reynolds 
numiier  form,  is  writt<'n  as  (in  boundar}'  layer  form); 
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where  the  damping  of  the  dissipation  is 


(4-38) 


In  all  the  applications  pros<‘nted  by  Chien  /C3/.  the  following  constants  were  used; 


Ci  €  [0.01-0.0115] 
(P i  G  0.5 


Although  designed  primarly  for  incomi>ressible  flows,  this  turbulence  model  has  been 
readily  extended  to  comjjressible  flows  by  Coakley  /57/  for  the  case  of  airfoil  calculations 
and  Viegas  and  Rubesin  /GG/.  Sahu  and  Danberg  /96/  included  it  also  for  their  tran¬ 
sonic  calculations,  Horstman  /64/  used  this  model  extcuisively  for  a  wide  variety  of  flow 
configurations  from  compressible  fiat  plate  boundary  layers  to  3-D  shock  boundary  layer 
interactions. 

El  Tahry  /So/  set  up  a  complete  k  —  t  jnodel  fru'  ap]>lication  to  internal  combustion 
engine  flows.  The  basic  methodology  is  the  so-called  "order  of  magnitude  analysis”.  After 
an  extensive  compariscjii  of  the  different  terms  present  in  the  eciuations,  the  two  turbulence 
equations  are  written  as; 
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That  rather  complete  model  is  supposed  to  describe  flows  with  combustion.  The 
discussion  of  the  modelling  of  each  of  the  terms  is  not  rejiroduced  here  /85/  but  relies 
heavily  on  standard  approximations  sucli  as  gradient  flux  laws,  isotropic  small  scale  motions 
and  polytropic  fluid  behavior.  Without  combustion,  most  of  the  compressibility  terms  can 
be  dropped  (7.  8,  9,  10,  3’.  4’.  5’,  6',  S\  9’,  11'.  13'.  15’,  16’.  17'  and  18'). 

The  simplified  form  is  then  quite  comparable  to  the  model  used  by  Watkins  /S9/: 
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The  primary  difference  with  Watkins  work  seems  to  be  the  value  of  the  divergence 
term  coefficient  in  the  dissipation  equation,  —1/3  for  /S5/  and  1.0  for  /89/.  although  the 
analysis  of  W’atkins  results  shows  some  non-realistic  values  for  the  computed  turbulent 
length  scale  in  engine  cylinder  applications. 

Besides  that,  Reynolds  /91/  and  Morel  and  Mansour  /92/  have  considered  the  appli¬ 
cability  of  the  k  —  e  model  to  flows  undergoing  a  rapid  compression  or  expansion.  From 
the  analysis  of  the  consequences  of  application  of  rapid  distortion  (spherical  and/or  unidi¬ 
rectional  compression,  s  -  /92/)  the  e-equation  is  cast  into  the  following  form  (by  splitting 
out  the  production  term  and  assigning  different  constants  to  the  differents  parts); 


p-J  =|[2 c,  p,  Si,  -  p,b^-^  c'i  p  k  b] 


(4-43) 


p  b  —  C2  p  -k  diffusion 


in  which  the  two  new  constants  C[  and  depend  on  the  mean  flow  strain  tensor  Sq/j, 
and  D  is  the  mean  velocity  divergence.  As  a  result,  C[  and  C,  are  not  absolute  constant, 
but  vary  through  the  flow  field,  depending  of  the  local  value  of  Sap,  over  the  following 
moderate  ranges; 

c;  e  [1.32,1.44] 

C"  €  [3.5, 4.5] 

The  resulting  turbulence  model  has  been  applied  to  the  prediction  of  a  typical  engine¬ 
like  situation,  i.e.  axisymmetrical  geometry  with  a  piston  producing  a  unidirectional  com¬ 
pression.  A  similar  e-equation  is  used  by  Gosman  and  Watkins  /90/,  Morel  and  Mansour 


/92/  and  in  some  extent  by  Rain<js.  Humphrey  and  Siri^nan.o  /95/,  the  ^■alu<'s  of  the 
constant  analogous  to  CJ  and  G,  are  compared. 


In  /95/,  Ramos  et  al.  use  the  same  equation  for  the  dissipation  as  Gosnian  and 
Watkins  /90/,  except  for  the  term  pfD^  which  is  dropited  in  /95/.  This  in  effect  gi\es 
them  a  different  value  of  Gj ,  which  lies  between  the  one  of  Gosman  and  atkins  and  the 
one  of  Morel  and  Mansour.  When  lt)oking  at  the  munerical  results,  similar  disagrenu'ut 
with  the  turbulent  length  scale  appears,  as  it  did  previttusly  when  con:i)aring  with  El  Tahry 
results. 

The  differences  issued  from  that  tyjie  of  coinj)arisou  has  la-en  one  of  the  motivaticjiis  for 
the  simulation  of  homogeneous  compressed  turbulenc<‘.  done'  by  Wu.  Fer/.igf'r  and  Chajjm:in 
/94/.  In  fact,  the  attention  was  specifically  paid  to  tin-  discri'ptincy  in  value  aiul  sign  for 
the  mean  velocity  divergence  term  coefficient,  i.e.  -2/3  tind  -i-l.O  for  Watkins  /S9/  and 
Reynolds  /91/  respectively.  Tested  with  different  strain  rat<'s.  th('  results  are  not  retilly 
different  with  low  strain  rate  values,  i.e.  when  th<‘  i)roduction  of  tuibtilence  is  about 
the  same  order  of  magnitude  as  the  dissipation.  This  situation  is  a  right  ilhistrtition  of 
an  "equilibrium  state".  When  the  strain  is  so  strong  that  the  flow  structure  is  out  of 
equilibrium,  none  of  the  A-  —  f  models  perform  well.  Furthermort'.  the  Watkins  model  /S9/ 
predicts  growth  of  the  length  scale  during  comprt'ssion.  no  mtttter  how  fast  the  ct)nii)ression 
is.  The  behavior  o^  the  length  scale  is  reasonably  w<‘ll  i>r<'dicted  by  the  Rt'vnolds  nunlel 
/91/,  but  this  model  produces  too  much  dissipation  in  the  best  compression  case  (high 
strain  rate  value).  Such  failure  of  the  two  equation  models  lead  Wu.  Ft'rzigt'r  and  Chapman 
to  proposed  an  improvement  by  the  introduction  of  a  third  equation,  tit  the  expense  of  a 
minimum  complexity. 

Their  reasoning  is  as  follows:  in  th«'  two  etjuation  modt'ls,  the  turbulence  eut'rgy 
determines  the  turbulence  velocity  scale,  while  the  dissipation  plays  two  roles;  it  is  the 
rate  of  destruction  of  the  turbulent  kinetic  '  iVgy.  and  it  determiiu's  the  turbulence  length 
scale.  The  dissipation  cannot  do  both  jobs  simultaneously  in  high  strain  rate-  flows  in 
which  the  turbulent  flow  structure  is  out  of  equilibrium.  To  (h'couple  the  dissi{)ation  and 
length  and  time  scales,  it  is  {)ropos<'d  the  addition  of  a  model  ecjuation  for  a  turbukuice 
time  scale  r.  The  resulting  three  equation  model  has  been  a]>pli<'d  ordy  to  homogeneous 
flows  (isotropic  decay,  i.sotropic  comi)ression,  axisymmetric  exi)ansion  and  one-dimensional 
compression). 

4.2.2.  THE  MODEL  FOR  COMPRESSIBLE  FLOWS 

The  uncertainty  with  the  k  -  e  model  is  obviously  the  dissipation  equation.  In  this 
paragraph,  a  different  two  equation  model  is  preseiiccd  ,.fh  a  more  formal  equation  for 
the  determination  of  the  length  scale. 

The  evaluation  of  the  characteristic  turbulent  length  .scale  is  based  on  a  different 
combination  of  indexes  (m,n)  in  equation  (4-16).  Rather  than  solving  for  the  dissipation 
rate  of  turbulent  energy,  the  variable  considered  here  is  the  specific  dissipation,  i.e.  the 
amount  of  dissipation  per  kinetic  energy  unit.  This  model  has  been  adapted  from  the 


T 


model  of  SafFman  /69/,  Wilcox  and  Alber  /lO/  and  Wilcox  and  Traci  /G7/  by  Wilcox 
and  Rubesin  /68/  to  account  accurately  for  compressibility  effects.  This  model  has  been 
selected  and  used  by  Ames  workers  because  it  was  specifically  develop(>d  for  boundary 
layer  flows  influenced  by  severe  adverse  pressure  gra<lients  as  well  as  for  etpiihljiium  flows. 
Its  constitutive  relationship  needs  the  definition  of  the  turbulent  viscosity; 


I't  =  It  — 
ut 


The  two  turbulent  parameters  obey  the  following  transport  ecpiations: 


where  the  length  scale  is  represented  Ijy: 


(4-44) 


[4  -  45) 


5  2^  ^  ! _ 2  ,  r.  ^  l  A  i 


(4-48) 


The  modelling  closure  coefficients  employed  are  as  follows; 
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a  =  (7  = 


7*  =  (l  -(1  -  A^)exp(-^)) 
r*  =  7^(l  -  (1  -  ''^^)‘'xp(-^)) 


-12  x-1 

9’  IT 


Rt  =  1;  =  2 


and  the  turbulent  Revnolds  number  is  defined  as 


Re^  = 


^/k.L 


(4-49) 


It  is  important  to  note  here  the  interpretation  giv<>n  to  the  turlnilent  parameters.  The 
authors  /68/  interpret  k  as  a  ’’mixing"  energy  of  the  order  of  9r"-/4  rather  than  the  total 
kinetic  energy  present  at  a  point  of  the  boundary  layer.  Furthermore,  they  feel  that 
the  rate  of  dissipation  of  kinetic  energy'  i>er  unit  of  kinetic  energy,  is  a  more  significant 
cpiantity  than  the  rate  of  turbulence  dissipation  itself. 

Asymptotic  analysis  in  the  wall  vicinity  allows  prescribing  the  true  valiu’  of  u.’  when 
y  — >  0,  even  in  the  presence  of  a  possibly  rough  or  permealrle  wall.  For  a  smooth  impervious 
wall,  the  following  boundary  values  are  i)rescribed; 

A-  =0 


(4-50) 


6-30 


This  model  edso  allows  representing  the  Reynolds  stresses  that  do  not  necessarily  align 
with  the  mean  rates  of  strain.  The  constitutiv'e  relationship  is  expressed  as: 


— 2  _  g 

-P  =  ~^P  ^o,i}  k  -f  2 


[i^o  ■)'  'i  3  a)  ('i  SI) 


which  contains  an  incompressible  form  of  a  strain  tensor,  together  with  the  vorticity  tensor: 


1  Ov^  dvj 

2^  Or,  dxj 

(4  -  52  ) 

\  dvl  dvj 

2'^Osj  dxj 

(4-53) 

In  fact,  tuc  idea  of  misalignment  between  turbulent  stn'ss  and  strain  was  initially 
promoted  by  Saffinan  /70/  for  incompressible  flows.  The  relation  which  is  used  here  is 
a  rather  drastic  simplification  of  the  original  proposal,  hut  the  iflea  of  misalignment  is 
conserved.  A  definite  advantage  of  this  model  is  that  it  allows  r('])resenting  the  anisotrojiy 
of  the  Reynolds  stress  components.  The  stress  tensor  can  be  de\'<'loped  as: 

,  Oii .  2  ,  dt\  ,  .  /,  d<i  .  2  ■  Or  ,  2N 

^  ,di\  2  ,  Om  ,  ,  (,0u  .  >  ,  0i'\2\ 

^»!/  -  3(^)  - -(^))  ( 

,du  di\  1  ,  ,dh  Or.  Or  Oil, 

-/h(^  +  +  2‘  •‘■fe  ~ 


_ _ 

l-.'+2((^)  +(g-)  +(5^  +  5;)  ) 
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DifFer<-ut  from  the  model  jtroposed  earli<T  by  Wilcox  and  Albi'r  /lO/.  this  turbuleuci' 
model  does  not  contain  any  explicit  compressibility  tcTins.  All  ai)i)licatious  of  this  modc'l 
for  transonic  or  weakly  supersonic  flovt-s  /57/,/55/./l4/,/GG/,  follow  the  original  statenunit 
of  Morkovin  (and  latter  Bradshaw)  by  m'glecting  tlu'  comi)ies.si]u]ity. 

4  2.3.  THE  q-^  MODEL  FOR  COMPRESSIBLE  FLOWS 

Receiuly,  Coakley  /57/  worked  out  a  dilhuent  two-etpiation  turbulence  model  based 
on  different  turbulence  parametcns  which  are  similar  to  tho.sc  of  an  ('arly  proposal  of 
Kolmogorov  /71/  mentionned  in  the  reference  /72/.  Th('  selected  (juantities  are  the  char¬ 
acteristic  turbulent  velocity  q  which  can  be  interprete<l  a.s  the  .square  root  of  the  turbulent 
kinetic  energy  A-.  and  the  specific  dissipation  rate  u>.  The  first  remark  is  tnat  imalel  could 
be  classified  as  tttilizing  dependc'Ut  variables  namely  the  square  root  of  the  previous  one**. 
The  turbuh'nt  viscosity  is  defined  as; 


//,  =  CVT>— 


(4-56) 


It  differs  however  in  other  several  details. 


where  £)  is  a  claiiipiiig  fviiictioii  based  on  the  tui!)nlent  Reynolds  number: 

D  =  1  -  exp( -oii?)  (4-57) 


The  transport  equations  for  the  turbulence  parainet<“rs  are; 

^(^9)  +  ^  9)  =  \{C^D^Pk  -  ^  -  P^'  h)  +  diffusion  (4  -  58) 

—  (pa,')  -r  ^  ^’)  =  {CfipPk  ~  P'^'  +  diffusion  (4  -  59) 

in  which  the  various  constants  are: 

=  0.09-,  Cl  =  0.405  D  +  0.045;  C2  =  0.92 

Pri  =  0.9;  Pr^  =  1.0;  Pr^^X.Z,  n  =.  0.0065 
and  the  turbulent  Reynolds  number  is  defined  now  as. 

u 

R  =  ~  (4-60) 

1/ 

In  the  same  paper,  Coakley  /57/  proposed  different  versions  of  this  turbuhmre  model 
by  changing  one  or  two  constant  values  and  by  using  a  modified  definition  of  tlu'  turbulent 
Reynolds  number,  but  the  basic  rea.soning  remains  unchanged. 

The  development  of  this  model  is  <iiscu.s.sed  w'ith  the  following  arguments.  The  high 
Reynolds  number  part  of  the  model  is  due  to  a  direct  transformation  of  the  k  —  (  model 
of  Jones  and  Launder  /73/  to  the  new  valuables.  In  this  transformation,  the  kinetic 
energy  was  assumed  constant  in  the  diffusion  terms.  The  low  Reynolds  numlier  part  of  the 
inocU’l,  through  its  damping  functions,  has  been  choosen  to  produce  reasonably  accurate 
distributions  of  skin  friction,  velocity  and  kinetic  energy  profiles  in  the  calculation  of  low 
speed  boundary  layers  and  pipe  flows.  The  use  of  q  rather  than  k  as  turbulent  variable 
avoids  the  need  for  the  extra  dissipation  term  in  the  k  erjuation  to  lialance  the  molecular 
diffusion  in  the  wall  vicinity.  One  of  the  modified  version  of  Coakley ’s  model  is  designed 
also  to  simulate  the  relaxational  projierties  of  the  Reynolds  stress  tensor.  Unfortunately, 
in  the  case  of  separated  flows  in  which,  the  vu'locity  grailient  undergoes  a  sign  reversal,  an 
unphysical  discontinuity  occurs  in  the  expression  of  the  turbulent  stress,  which  must  be 
artificially  corrected. 

4.2.4.  NON-EQUILIBRIUM  TURBULENCE  MODELS 

Somewhere  between  the  algebraic  models  and  the  transport  equation  models  are  a 
few  algebraic  models  including  memory  effects.  The  first  of  them  is  due  to  Johnson  mid 
King  /116/,  /117/.  With  this  algebraic  formulation,  the  kinematic  vi.scosity  is  provided 
with  a  two  layers  relationship; 


Vi  ^  [1  -  exp(-i/,,/i/,f )] 


(4-61) 


which  allows  a  smooth  transition  between  the  two  zones.  The  two  components  are: 


I'le  =Cc,r~^ 


i4  -  G2) 


D  is  the  Van  Driest  damping  function  modified  with  .4'*'  =  15.  and  *  is  rlie  Wm 
Karman  constant  (“C  =  0.41).  For  the  outer  formulation.  is  an  adjustable  constant  and 
r  is  the  intermittency  function  of  Klebanoff  /32/. 

Thus,  the  turbulent  viscosity  does  not  depend  on  the  mean  strain,  but  is  tletennined 
by  the  maximum  value  of  the  turbulent  shear  stress.  The  parameter  is  related  to  the 
location  of  the  stress  maximum,  by  satisfying  to  the  following  requirement: 


1/  —  ^  *  iiinj)  ,  LV 

^t.niai  —  /n  /;s  ,  1  "  ‘uiitrl  ~  n  (_ 


(4  -  03  ) 


The  maximum  shear  stress  follows  a  .sinqdified  transjiort  e(juation  dt'duced  from  the 
turbulent  kinetic  energ\'  equation  as; 


“"'"■-'’(I;) 
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(  4  -  04 ) 


This  simple  steady-state  transport  equation  made  of  e<iuilil)riuiu  betwe<'n  convection,  dif¬ 
fusion,  production  and  dissipation  is  based  on  the  assumi>tion  that; 


(4-05) 


The  associated  closure  assumptions  are; 


r  ^  -i 

^  rn  ar 


ft)  ^'mar  f  L,nar  —  <  ().225 


Lmas  =  00a<>> 


>  0.225 


The  diffusion  term  is  approximated  by; 


^mar  — 


C  </ 1  /  (  ^  q  J  ) 

(ii  b  (0.7  -  (y/<^) 

max  ) 


(t^n  If,) 


with  a  new  coefficient  Cd,f  equal  to  0.5. 

For  equilibrium  turbulence,  etpiation  (4  04)  resumes  to; 


(4  -  GO) 
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in  which  the  equilibrium  value  of  the  turbulent  shear  stress  relies  on  tht'  classical  turbulent 
viscosity 

(4_69) 

V,,  =0.01G8Cv^, 


5.  SECOND  ORDER  CLOSURE 


All  the  models  which  have  been  preseiitetl  above  are  ba^e*!  on  the  use  nt  tin  i .  lu 
stitutive  relatioiisiiip  between  tlie  turbulent  stre.-s  an<l  the  mean  "train  teiiM>r  Altliottiiii 
this  formalism  seems  suitalrle  for  Hows  in  or  close  to  etjuihbi imu.  there  an  still  um  many 
examples  of  How  configuriitions  wh<‘re  none  of  these  models  is  able  to  pie.lne,  ,u  ((-ptable 
results.  Therefiire,  research  is  giving  on  to  raise  the  closure  level  to  one  le\el  hniht  i  in 
order  to  avoid  the  use  of  the  grtulient  transport  ;i[)proxim;ition.  The  route  to  a.hie\t  thi'. 
is  to  solve  transport  equations  lor  the  imlividtud  turitnlent  stresses  and  turbulent  Hiixc'. 
The  technic[uc  is  known  tis  th«'  second  order  closttre  or  sometnue's  as  the  rieynold'  strcs- 
closure  (RSE).  This  problem  is  Ix'ing  studied  for  conij>ressil)le  Hows  In  ditieifiir  places  m 
the  world,  but  in  the  present  notes,  a  geneiid  present ;it ion  of  the  topic  is  made. 

Compared  to  direct  siitiulations  j  DNS  I  or  to  large  eddy  simulatiou  ( I,ES  SC.M  i  met  h 
ods,  the  second  order  closur*'  dot's  not  Itring  more  inforimition  on  the  em  ru:y  distnbution  m 
its  frequency  spectrum,  i.e.  a  unitpie  time  scale  is  .-iccessible.  N'e\ertheless.  a  \eiy  inqtor 
taut  factor  for  turbulence  modelling  is  the  Reynolds  stu'ss  tmisotropy.  This  mfoiui-iiion  is 
ftmdamental  for  the  correct  description  of  the  ditf«-rent  i>hysical  mechiinisnis  governing  the 
transport  of  the  turbulence.  Rtither  thtm  reprt'senting  the  turbulence  as  a  scalai'  ouantity. 
it  can  be  studied  now  as  a  tensor. 

5  1  SECOND  ORDER  CLOSURE  FOR  COMPRESSIBLE  FLOWS 

The  second  order  moment  closures  (or  Reyntdds  stress  modt'ls)  are  ctirrently  tht'  most 
general  one-point  correlation  models  from  tlu'  point  of  \iew  of  physical  tht'ory.  These 
models  require  the  solution  of  additional  field  equations  for  the  coniph'te  s<'t  of  Reynolds 
stresses  pv^v'^.  the  turbulent  heat  Hux  vector  and.  freipiently  a  scale  etjuation 

which  can  be  e  or  similar  to  that  one  used  for  tlm  two-i'tpiation  m(>dels.  These  models 
are  obviously  more  complicated  than  the  eddy  viscosity  based  nuxU'ls.  One  of  the  most 
important  physical  properties  contained  in  these  models  is  however  »  strt'ss  relaxation 
property  which  cannot  be  correctly  represented  in  the  eddy  viscosity  models. 

The  modelling  of  the  turbulent  stres.ses  and  fluxes  introduces  a  lot  of  nc'W  terms,  so  far 
not  defined  by  experiments.  It  is  not  possible  at  this  time  to  reach  definitive  conclusions 
on  the  validity  of  all  these  closures.  For  this  reason,  in  the  following.  emj)hasis  is  put 
on  the  modelling  of  the  Reynolds  stresses  whereas  the  remaining  turbulent  fluxes  will  be 
handled  with  a  general  anisotropic  form  of  the  gradient  ai)proximation. 

This  remark  could  seem  very  restrictive,  but  in  fact  the  lack  of  experimental  results 
makes  the  Reynolds  stress  modelling  ]>roblem  sufficiently  complex  to  delay  the  equivalent 
treatment  of  others  fluxes.  Practically,  the  application  domain  will  be  restricted  to  com¬ 
pressible  flows  with  moderate  heat  and  mass  transfers,  although  extension  for  combustion 
flows  has  been  made  already  /97/. 

Let  us  return  now  to  the  open  transport  equation  for  pe”  (eq.  (4-1))  in  which  all 
new  unknown  terms  need  to  be  modelled. 

This  equation  can  be  modelled  by  extending  the  incompressible  models  of  Launder. 
Reece  and  Rodi  /74/  and  Hanjalic  and  Launder  /75/  to  compressible  conditions,  i.e.  using 
Favre  decomposition,  introducing  the  non- zero  divergence  terms  that  were  eliminated  in  the 
original  models  and  accounting  for  the  non- zero  mean  mass- weighted  fluctuating  velocities 
/43/.  In  this  course,  we  restrict  the  discussion  to  the  important  points  of  modelling. 
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•  turbulent  Hux  of  Reynolds  stress  ;  =  ‘’.i*’-, 

Starting  from  the  exact  transport  «>(juation  for  pe.p’p'.  .  it  is  po»ibli\  as  shown  ny 
Hanjalic  and  Launder  /76/,  by  neglecting  ditfusive  and  couvti  ti\e  teniis,  'o  oiitani  th. 
following  form: 


-p  =  c,pb.:;y^'>;  + 


0.1 /.  O-ff. 


This  form  conserves  the  symmetric  character  of  the  third  order  tensor  r  r  a  ,  bur.  tor 
practical  purposes,  a  simpler  form,  suggested  iry  Daly  and  Harlow  /77/  ■'i  i  iii'  to  jiioilia  t 
results  of  similar  ciuality. 
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•  pressun'  diffusion;  =  i\J>'  +  >' 

Most  people  neglect  pressure-induced  diffusion  term,  iiminly  due  to  the  lack  of  ex 
perimental  information.  The  measurements  of  It  win  /5()/  in  ;t  w;ill  jet  sugg<st  that  thi' 
term  cannot  be  v(>ry  important.  Furthermore,  some  authors  argued  that  the  ]>r(’ssur<'  in 
duced  diffusion,  if  non  negligible,  would  act  to  destroy  the  symuK’try  chartictf'r  of  the  triple 
correlation  term  and  support  tin*  use  of  the  coinjiact  form  given  by  eiimition  (5-2). 


•  viscous  diffusion  term;  =  y'n  /'  +  ‘'j  /'  j 

Assuming  that  a)  the  correlation  between  viscosity  fluctuations  and  other  quantities 
is  weak,  b)  the  product  of  density  correlations  with  velocity  gradii'iits  is  small.  Then  the 
development  of  the  molecular  diffusion  ti'iin  is  written  as: 
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.  diff. 


d  (  d  ,r-..  \  d  ( 
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(5-3) 


If  the  flow^  is  incompressible  or  solenoidal  (weak  compressibility.  Dussauge  /7S/).  the 
vdscous  diffusion  can  be  written  as: 


vi.se.  diff. 


0  ,  0  ~  , 
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dxi)  dx„ 

In  strongly  anisotropic  flows,  i.e.  in  situations  where  second  order  closures  are  needed, 
this  term  is  a  central  piece  for  explaining  the  redistribution  mechanism  between  Reynold.® 
stresses.  To  model  this  term,  the  approach  is  an  incompressible-like  technique,  which 
consists  in  integrating  a  Poisson  eejuation  for  the  fluctuating  pressure.  The  result  of  this 


*  pressure  strain  correlation;  =  p'{ 
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and 
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Tlu'  first  two  liiK's  of  ('(juatiou  (o-o)  rfpn-x'iit  tiic  lodi'-trilmtioii  nii'cha’iiMu  in  flic 
How  fi<'ld  far  from  the  wall  (Launder.  Recce  and  Rodi  /i4/  i  anil  the  la't  two  lini^  ot  this 
ccjuafioii  take  itito  account  the  wall  iiiHuiaice  in  this  niechaiii'-in  iHanjalic  and  Launder 
/To/).  The  effect  of  this  hist  contrilmtion  is  twofold: 

*  if  has  an  oi<i)o>ite  effei  t  to  till’  cias.iicrd  letiirn  to  i-.ori<»[)y  term  of  Rotta  /TO/. 

*  it  acts  tilso  as  a  rapid  term  to  incretise  the  iiiusotropy  of  the  stt(•'^^  production  teinis. 
It  must  he  emplnisized  that  the  tr.ansposition  of  tm  oniiinal  incompre'-silile  techni<ine 

to  a  variahle  density  sitmation  is  not  free  of  uncerttiinties.  Foi  in>fanc'’  a  corrective  term 
appears  in  the  development  of  the  non  linetir  confrihution  due  to  the  use  of  Favre  a\er 
aging  (.see  ref.  /SO/).  Also,  the  fourth  rank  tensor,  coiresjionding  to  the  high  Reynolds 
number  rajtid  term  does  not  possess  all  the  mathematical  projterties  of  its  inconipressihle 
counterjtart .  e.g. 

^  'V.',’  (5  -9) 


Finally,  the  whole  term  can  lie  consideri’d  as  a  pure  icdistrilmtion  contribution  only 
in  the  rase  of  solenoidal  turbulence  field.  Otherwise  the  Imlk  deformation  is  a  sonree/sink 
term  (Dussauge  /IS/.  Vandromme  /27/). 

The  real  weakness  of  this  tipproach  is  the  usi-  of  an  incompressible  api>roach  (Poisson 
equation)  when  the  flow  is  compr<‘s.sil)l<-.  It  would  Ite  more  justified  to  introduce  a  wave¬ 
like  operator  to  evaluate  the  fluctuating  pressure  field,  like  Fidereisen  /1 5/  tried  from  the 
results  of  his  direct  simulations.  L’ufor  tuna  tidy,  tlw  restilts.  which  havi'  been  obtained  are 
nearly  identical  to  those  of  the  incompressiiile  formulation. 

-TT  Op  —  Op 

*  mean  pressure  gradient  term;  =  —  - c,-- — 

a.r.}  "  osn 

According  to  Rubesin’s  proposal  for  the  one-equation  turbulence  model,  that  term 
can  be  treated  like  compressibility  terms  for  two-etpuition  turbulence  models,  asstiming  a 
poly  tropic  behaviour  of  the  fluid  (see  chajiter  C). 
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*  viscous  <iissi[>ati(j!i 

It  has  bffii  shown,  in  iui-omi>n'ssit)li‘  case  /SI/,  tlnit  the  ilis^ipatiou  tt'n>or  is  iliag- 
oiially  (loininaut  and  ut-aily  spherical.  The  ratio  of  the  deviatoiic  to  the  diagonal  terms 
being  rehitetl  to  the  Reynolds  stress  anisotropy,  the  ilisslpation  is  described  with  a  com¬ 
pound  function  which  is  scalar  in  tin*  high  t>ui)\ilent  Reynolds  uumb.  i  .-'ouc'  and  allows 
all  anisotropic  dissipation  elsewhere  (wall  vicinity  foi  instance  i, 

f  :  .  2 

b.  t  +  (  1  -  /,  i.j  -  U)i 

with  f,  —  1/(1  +  R<i/U))  ;ind  /?»  ,  =  .\’everth<’less.  some  of  the  "slow”  presMiie 

strain  terms  ni;iy  also  repr<\st‘nt  anisotroj)ic  f,j. 

To  suininttri/e  the  assuinptions  nia<le  above,  the  modelled  Reynolds  Stress  1‘nuation 
can  be  writtf-n  as: 
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The  last  unknown,  which  renuiins  in  the  modelh'd  R<'ynolds  stress  transixirt  fgpiation, 
is  the  turbulent  dissip.ttiou  rat<'  f.  Th<-  movlelling  of  a  tnmsitort  ('(juation  for  this  ciuautity 
has  been  given  already  for  the  first  two  etiuation  model,  and  only  the  di.scn’itancir:;  due  to 
the  different  level  of  closure  :ire  of  soin<'  int<'rest  here. 

liasic  ditference  compared  to  the  «'ddy  viscosity  model  is  that  the  Reynolds  stresses 
can  be  considered  now  as  exitct  <piantiti<‘s.  This  yields  a  inor<'  accurate  e\';duation  of  Pr . 
the  profluction  term.  Furthermore,  as  the  echly  viscosity  does  not  exist  any  longer,  the 
turbtilent  diffusion  transport  of  the  dissipation  is  modelled  by  ;t  g<>ner:dizeil  gradient  flux 
approximation  from  Ltumder  /S2/: 


.r-..  Of 


(5-12) 


As  far  as  compressiltility  terms  are  concerned  for  the  dissiiiation  eepiatiou,  the  exact 
derivation  of  the  efination  intnuluces  variable  density  terms  as  shown  in  /SO/  but  the 
usual  inethfxl  is  to  ignore  these  terms  and  keej)  the  f-etpiation  similar  to  its  incompressible 
counterpart.  The  modelling  is  done  globally.  If  compressibility  terms  are  introduced  in 
the  turbulent  energy  erpiation  or  here,  in  the  ReyiKilds  stress  ecjuations.  experifuice  shows 
that  their  cotinten'jjart  is  needed  in  the  dissipation  ecpiation  as  well. 


The  modifications  induced  for  the  total  energy  e<iuation  are  deriv('d  siiuilaiiy:  tli< 
turbulent  fluxes  are  expressed  with  an  anisotropic  relationshii)  and  the  triple  correlations 
follow  the  same  approximation  tis  in  the  Reynolds  stress  etpuition.  Tii<‘  modelled  total 
energy  equation  writes  now  as: 


d  ~  d 


i^{pv^E  +P  +  +  (p 
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5.2.  OTHER  SECOND  ORDER  CLOSURE  MODELS  FOR  COMPRESS¬ 
IBLE  FLOWS 

In  the  above  paragraph,  a  basic  .second  onler  closure  hti.s  been  jjre.seuted.  which  at¬ 
tempts  to  account  for  variable  density  effects.  This  is  done,  firstly  by  tising  Fttvre  averttging 
and  reintroducing  all  tlivergence  terms  f'verywh<T<“  they  have  Ix'cn  neglected  for  the  case 
of  constant  density  flows.  But  th<'  sum  of  modelliiig  iipjtroximtitions  helps  one  to  rettli/e 
that,  to-day  there  is  still  a  long  way  Itefore  a  complete  closure  including  strong  heat  ttnd 
mass  transfers  is  obtained.  For  the  basic  closure,  the  ('ttort  has  betm  made  to  emph;tsi/.e 
modelling  correctly  the  dynamical  field,  leaving  room  for  latt'r  improvement  of  the  hetit 
transfer  problems. 

Other  workt'rs  also  progressed  in  this  typ<>  of  <-losure.  .\mong  tlami.  Bomx't  /S3/  used 
a  similar  approach  to  the  above,  although  he  chose  a  difftua'iit  variable  as  a  ttnbulent  length 
scale.  Rather  than  using  fi  conveutionjil  length  scal<\  he  usetl  t  he  properties  of  the  two-])oint 
correlation  to  define  an  integral  length  sctde.  for  which  h<'  deriv('d  a  transport  ('([nation. 
For  wake  calctilatious.  no  ('xj)licit  comitressibility  terms  were  included.  Conveisely.  he  h;id 
to  use  such  terms  for  studying  the  stqtersonic  free  sIk'JU'  kiyt’r  sjtreiidiug  r<it('  /14/. 

^^’ilcox  and  Rultesin  /OS/  ('Xtended  their  two-etpiiition  model  to  second  order  closure. 
Independentlv  from  having  a  different  sctde  e(|Utition.  th('ir  modelling  differs  significtintly 
from  the  btisic  version,  evt'n  for  incomitressible  Hows,  in  the  [tressun'  strain  corn'ltition 
term.  Rather  than  assuming  a  s<'t  of  [troiterties  for  ti  fourth  rtmk  tensor  sucli  tis  syunnrtiy 
tmd  incompressibility,  they  evtilutited  the  consttmts  belonging  to  this  term,  by  forcing  the 
Reynolds  stress  to  follow  the  same  distribution  tis  the  one  iiidicate'd  by  tin'  (■onstituti\(' 
relationshij)  with  the  two  e([Uiition  model.  Furthermore,  tliey  neglect  coini)let('ly  all  com¬ 
pressibility  terms.  With  this  mod*  I.  tla'y  obtain  .satisfactory  restdts  for  th('  descrijttion 
of  the  conipressible  ttoundary  layer  with  tidverse  and  favorable  [tressure  gradients.  Thus, 
the}'  roiichi(Ir(]  that  .secoitd  order  clo.sure  tnodels,  with  modt'lliiig  coeffici('nts  that  ttre  in- 
dejtendent  of  the  jtressure  gradients,  re]>resent  the  experimenttd  (hita  b('tt('r  than  a  mixing 
hmgth  model  with  pressure  gradient  deitendent  modelling.  This  confirms  the  intrins'c 
general  capability  of  this  type  of  chtsure. 

.lanicka  and  Lumley  /S4/  used  ;«  different  technitju*'.  .\lthough  they  used  a  modified 
terhni(|ue  to  derive  tlx'ir  transixnt  e<|uations.  they  came  out  with  a  com[)lete  second  orth'r 
closure,  ajtjtlicable  only  for  low  Mach  number  flows.  They  ai)i)lit'd  that  closure  to  the 
calculation  of  He-air  and  C0(-air  jets.  The  significant  ri'sult  of  interest  in  tlx’  [tresent 
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course,  is  that  they  use  variable  density  terms  in  the  Reynolds  stress  equatitai  having  a 
similar  counterpart  in  the  scale  equation,  although  it  is  not  yet  estabished  that  the  density 
variations,  in  the  flows  studied  are  large  enough  to  validate  the  use  of  these  terms. 

Algebraic  Reynolds  stress  models 

A  slightly  different  manner  of  departing  from  the  simple  i.sotroi>ic  eddy  viscosity  re¬ 
lationship  is  to  use  instead  more  generally  applicable  algebraic  stress  relations  obtained 
from  a  drastic  simplification  of  the  transport  equations  for  the  individual  stresses.  This 
simplification  is  based  on  an  idea  of  Rodi  /104/,  who  suggested  relating  the  transport 

terms  (i.e.  convection  +  diffusion)  of  p  to  the  eqtiivah'iit  terms  in  the  /.-ecjuation 

with  a  simple  scale  ratio: 
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Diff(e;. 
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Introducing  the  source  terms,  the  individual  stresses  can  be  solved  from  a  set  of 
implicit  algebraic  ecpiations.  As  the  source  terms  an'  modelled  with  similar  closure  as¬ 
sumptions  as  sf.ndaid  RSE  models,  ASM  provide  the  sam»'  accmracy  without  the  ne<'d 
to  solve  additive  PDE’s.  The  basic  simplification  is  valid  only  when  spatial  and  temporal 

changes  of  are  small  compared  to  the  changes  of  it. self. 

Nevertheless,  for  non-equilibrium  situations.  th('  set  of  algebraic  equations  haitpens 
to  be  very  diffi  'ult  to  4ve  in  an  efficient  manner.  To  overcoim'  this  difficulty,  various 
attempt  have  been  made  to  treat  the  problem  as  a  pi'rturbation  model  with  respect  to  a 
k  —  €  model  for  instance  [118],  especially  when  expressing  the  turbulence  production  terms. 


6.  COMPRESSIBILITY  EFFECTS 


So  far,  the  socalled  compressibility  terms  have  not  yet  la-en  modelled,  l>ut  although  it 
is  not  quite  established  how  important  they  are,  most  of  the  modelling  effort  is  attacheil  to 
their  description.  Beyond  the  correction  to  A-  —  c  model  in  a  heuristic  fa.shion  /105/./10G/. 
consisting  to  add  an  explicit  link  of  the  eddy  viscosity  to  some  characteiistic  turbulent 
Mach  number,  special  modelling  effort  can  be  given  tt)  the  compressible  terms  in  the 
transport  equations.  These  terms  are: 

•  density-velocity  correlations 

•  pressure  correlations 

•  compressible  dissipation 

The  following  represents  the  successive  attempts  to  model  properly  these  terms,  from 
the  pionneering  work  of  Wilcox  and  Rubesin  /lO/,  /43/,  /68/  to  tlu'  nior<'  recent  develop¬ 
ments  which  are  currently  in  use. 


6.1.  DENSITY  CORRELATIONS 

The  evaluation  of  the  merm  pressure  gradient  term  is  linked  to  the  knowledgf'  of  tlu' 
density-velocity  correlations  p'e” .  Two  diff(Tent  technicpies  ar<'  available. 

a)  Let  us  assume  first  that  th«'  total  temperature  is  constant  in  the  whole  flow  or  at 
least  within  the  field  of  turbulent  eddh's: 

T,oi  =  T  +  -r—  =  const.  (6-1) 


Following  the  mass-weighted  d<>com]n)sition.  T  and  »<,  can  be  replaced  by  mean  and 
fluctuating  quantities.  Then  equation  (6-1)  is  written  now  after  mass  weight<'<l  time  aver¬ 
aging  as: 


'T'  ,  *  <■>  *  (>  ,  *  n  *  (>  "r 

Subtracting  from  (6-1)  instantaneous  form,  yhdds: 


(G-2) 


L  n 


.  '■«  <■<>  -  'h  'a  . 
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Then  it  is  reasonable  to  assume  that  the  nu-an  velocity,  in  at  h'ast  oru'  direction  will 
be  much  larger  than  the  fluctuating  wdocity  in  that  direction,  and  to  repic'sf'iit  equation 
(6-3)  with  its  leading  terms  only: 


T  "  = 

‘'C 
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Rubesin  /43/  assumes  that  the  fluid  behaves,  at  least  locallv.  in  a  polytropic  manner. 
Then: 

p'  p'  u  pT  71  ph 

^  W  =  (6-5) 

p  p  77-1  f,T  "  -  1  p}7 

where  n  is  the  polytropic  coefficient  (;?  =  0,  i.sobaric;  n  =  1,  isothermal;  n  =  CpjCv, 
isentropic;  etc. . .).  By  combining  the  two  equations  above,  it  is  i)ossible  to  relate  density 
to  velocity  fluctuations  as: 


P  =  - 


(n  -  1)C,,T 


(6-6) 
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and  therefore  get  the  desired  expression  for  the  density  velocity  correlation; 

“  1  _ 


P  (n-l)C^T 
Then  the  gradient  flux  approximation  can  be  used  again  and  it  comes- 

"  1 


(0 


[  n  -  l)C„r 
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Now,  it  is  possible  to  simplify  further  this  expression  by  specifying  that  the  flow  has 
a  principal  velocity  direction.  Then  the  only  aj)i>roj)riate  value  for  the  dummy  index  is 
i  =  1,  and  consetiuently,  equation  (131)  reduces  to; 


e 


const. 


1  -  1  n  I'' 

(t  —  1 
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Since  the  value  of  n  is  unknown,  it  beconu's  a  mod(-lling  coetticient  and  its  value  can 
be  included  in  the  constant  of  expiation  (C-9).  Note  also,  that  n  — »  :x  for  incompressible 
flows  together  with  — +  0  as  required,  k/a'  is  a  measure  of  tin-  turbuh'iice  Mach  number. 
n  takes  a  value  of  aixmt  1.2  as  (-xpt'cted  in  non  ismitropic  flows  /43/.  Wilcox  tuid  Alb(>r 
/lO/  propo.sed  a  form  similar,  exci-jit  that  n  must  lx-  k'ss  thiui  unity  to  havi-  the  same  sign 

as  in  their  work.  _ 

b)  An  alternative  representation  of  th<»t  dix-s  not  nxpiire  the  iissumption  of  con¬ 
stant  total  temperature  within  the  turbulence,  is  to  u.se  rlirectly  the  polytropic  l;iw  in  file 
definition  of  the  density  velocity  corndation.  Tlu-n: 


P'‘'a 
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and  the  problem  is  shifttxl  to  the  evaluation  of  the  turlxih-nt  Ix-at  flux.  In  absenci'  of  the 
use  of  either  ecpiation  (G-7)  or  (G-10)  to  check  against  si'veral  s(>ts  of  ('xperinu'iital  data, 
it  is  not  clear  wdiich  is  the  best  model.  Most  of  tlx-  applicatiojjs  n-ported  by  Coakk'y 
et  al.  /51/  and  Viegas  and  Cotikh'y  /52/  n<‘gle<-t»'d  tlx-  compressiliility  ti-nns.  E([uation 
(6-10)  has  the  advantage  of  being  simpler  and  not  requiring  ;i  constant  total  tempi-rature 
assumption  within  an  eddy.  This  latter  hypothesis  can  lx-  of  importance,  not  only  from 
a  cpiantitative  viewjioint  but  also  in  a  phenomenological  si-nse.  Supposi-  a  boundary  layt-r 
flow-  with  n  >  1.  Eqtiation  (G-7)  will  produce  a  constant  positive-  sign  to  whereas 
equation  (6-10)  can  assign  either  positive  or  negative  vahx-s,  de-pe-nding  on  w-hether  the 
flow  is  over  a  cooled  or  a  heated  surftice-. 


G  2.  PRESSURE  CORRELATIONS 

The  .second  coniiire.s.silulity  t<-rm  in  the  turbul(-nt  kinetic  energy  equation  is  due  to  the 
interaction  between  the  fluctuating  pressure  and  tlx-  divergence  of  the  velocity  fluctuations. 
The  modelling  of  this  term  is  possible  folknving  tw-o  different  approaches  due  to  Rubesin 
/43/ and  Zeman /119/, /120/. 

6.2.1.  Rubesin’s  modelling  of  pressure  tlivergence 


t.-4l 


From  the  polytropic  behaviour  assumption,  this  term  is  expressed  as; 

.  Ovl  np  dul 
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After  manipulation  of  the  continuity  ecjuation,  and  postulating  that  the  turbulence 
intensity  varies  slowly  along  streamlines  ,  Rubesin  /43/  gets  the  following  result; 


where  F  is  the  r.m.s.  density  fluctuation  intensity; 


(6-12) 
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The  variation  of  turbulence  intensity  F  from  streamline  to  streamline,  can  be  ac¬ 
counted  for  by  setting  F^  proportional  to  the  local  kinetic  energy  of  the  turbulence.  Usu¬ 
ally,  the  constant  dominant  flow  direction  implies  that  t’l  >  ev'en  in  separated  flows,  so 
that  equation  (6-6),  when  scjuared  yields: 


F'  =  const.  —  — 


(6-14) 


and  then  introducing  a  new  modelling  coefficient,  it  comes: 

^  -  ‘’i 
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Various  improvements  have  been  brought  to  this  modelling  approach  of  the  pressure 
correlation.  Substracting  the  mean  continuity  equation  from  the  instantaneous  form  yields: 


dp'  „  dp  ,dv^ 


dp'  dp'rl 


dXa  dt  d.To  dxo 

For  mass  weighted  variables,  Taylor  i’..-;- umption  writes  as: 

dp'  ,  _  dp'  p'vl  dp' 

~::jr  +  - ^  ~  ^ 

at  OXa  p  axa 

and  (6-16)  becomes: 
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p'v'c,  dp'  _  ,d^  _  d^  _  dp'vl 

p  dXa  ^  dXo  "dXn  dx^ 
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Multiplying  (6-18)  with  the  pressure  fluctuation  and  averaging  produces  the  following 
form  for  the  pressure  divergence  correlation: 


dvl  ^  p'v'^  ,  dp'  _  ^d^  _  _  1  ,dp'vl 

dXa  P^  dXa  p  dXa  P  dXa  p  dx^ 


(6-19) 
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As  pressure  and  density  fluctuations  are  ratlier  correlated  (because  of  tla^  (Hjuation  of 
state),  it  can  be  expected  that  pressure  fluctuations  are  weakly  conx'latetl  to  the  densit\- 
fluctuations  derivativ'es  since  they  belong  to  tlifferent  spectrum  ranges.  That  remark  aj) 
plies  also  for  the  last  term  on  the  RHS  of  equation  (6-19).  Using  the  polytropic  assvunpiion 
to  relate  the  density  and  the  velocity  fluctuations 


,  Pi’o  r- 

p  = - -Va 

(n  ~  1  )Cp T 
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it  comes 


,9^  __  1-777  _ Vcp  Oi'c 

^  dx^~  dx,-, 


Using  again  the  polytropic  assumption 
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p  =  np'RT  =>  p't''^  =  np'r’^Rf 


(6  -  22  ) 


and  the  pressure-velocity  correlation  can  be  expressed  in  terms  of  tht'  Reynolds  stresses; 


(6-23) 


To  summarize,  the  compressibility  terms  can  be  modelled  as: 


,9t’”  _  n(7  -  1)^  ~  _9p _ Vgp  di'c 

^  ~  7(»^  -  dxa  (n  -  l)7C,,f  9.r^ 
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Nevertheless,  this  modelling  of  the  pressure  correlations  relies  on  relatively  restrictive 
cissumptions  about  the  behaviour  of  the  density  fluctuations  along  a  streamline  and  the 
absence  of  the  total  temperature  fluctuations. 

a)  Total  temperature  fluctuations 

To  discard  these  restrictions,  Rubesin  performed  a  detailed  analysis  of  experimental 
results.  Consider  again  the  total  temperature  expression: 


H  =  h  +  VaV„,  + 


k]  =d 


(6-26) 


Neglecting  the  total  temperature  fluctuations  and  the  higher  order  terms. 


k  =  -VoVo, 


(6-27) 


Rubesin  noticed  that  in  strong  compressibility  situations,  those  fluctuations  could  not 
be  neglected.  For  instance,  the  experimental  results  cited  in  /106/  indicate  that  within 


i 


an  hypersonic  boundary  layer,  e.g.  at  =  G.4  over  a  cooled  surface  with  Ta  jlu,  ~  ().4G. 
the  fluctuations  can  have  magnitudes  ranging  from: 

1.4%  <  <  4.8% 

H 

Equation  (6-27),  therefore,  has  to  be  modified  to  account  for  these  fluctuations.  To 
do  so,  Rubesin  /109/  postulate  a  gradient  law  for  the  enthalpy  fluctuations: 


h  =  —ai> 


(G-2S) 


By  analogy  with  the  turbulent  heat  flux  law  in  a  boundary  layer  flow,  a  reasonable  expres- 


k  „  dh 

f  0X2 
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in  which  —  0.35  and  subscript  2  stands  for  the  normal  direction  in  the  boundary  layer 
approximation. 

From  that,  the  polytropic  assumption  can  be  rewritten  as: 


p'  I  ph  ^  1  p  k  I  dh  - 

P  -  I  ph  n  -  1  ‘  p  e  dxj 
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which  can  be  used  with  the  definition  of  e”  to  yield 


-IT  p'  v  'a  1  Ce  A:  1  Oh  — T-ir 

"  ''~T  ~ 


(6-31) 


ReCcdl  that  enthalpy  can  be  expressed  in  terms  of  the  sound  speed: 


(7-1) 
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so  that  equation  ( 6-31 )  can  be  written  as: 


—  _  (7  -  1)  k  dh  pVgl’a 
“  (n  —  1)  *  t  dip  pa? 


(6-32) 


As  stated  by  Rubesin,  the  terms  included  in  brackets  can  be  considered  as  moments 
of  turbulence  Mach  number,  which  vanish  in  incompressible  flows,  i.e.  d  — >  oo.  Thus  v'^ 
can  be  considered  as  a  measure  of  the  degree  of  compressibility  of  the  turbulence.  It  is  also 
interesting  to  notice  that  these  compressibility  effects  are  directly  linked  to  the  local  heat 
transfer  terms.  If  we  restrict  ourselves  to  the  thin  layer  approximation,  equation  (6-32) 
can  be  written  as:  _ 

—  (7  -  1)  .  ^  pv'xvl 

n  — 2  t6  33) 

( n  —  1 )  e  dx2  pa^ 
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This  expression  indicates  that  n,  can  be  either  positive  t)r  negative,  depending  on  tin' 
signs  of  Reynolds  stress  and  static  enthalpy  gra<lients.  In  a  jet  how.  these  two  quantities 
will  change  sign  simultaneously  at  the  centerline,  and  therefore,  the  sign  of  Cj  will  remain 
constant  across  the  flow.  Differently,  in  a  comiuessibh'  boundary  layer  on  a  cook'd  sur¬ 
face,  h  has  a  maximum  inside  the  boundary  layer,  whereas  Reynolds  stK'ss  do  not.  The 
induced  change  of  sign  of  the  density- velocity  correlation  will  produce  different  infltu  nce 
on  the  k  distribution  in  the  boundary  layer.  This  can  represent  the  different  behaviour  of 
compressibility  effects  for  attached  boundary  layers  atid  free  shear  flows  at  similar  Mach 
numbers. 

b)  Density  fluctuations 

This  improvement  aims  to  avoid  any  assumption  on  tin*  behaviour  of  d<'nsity  fluctua¬ 
tions.  The  continuity  equation  for  fluctuating  quantities  can  be  written  as; 


dp'  0  ,  ^ 

[p  >'»  +  />!’„ )  -  ( 6  -  34 ) 

which  can  be  used  for  developping  a  transport  etjuation  for  the  density  fluctuation  variance: 
dp'^  _ dp'^  — :rdv^  dp - —  Dv 


dt  "  a.r 


_ dp'^  — dp  — —  dv 

+  -Ipp'-^  =0  (G  -  35) 


dia  dx 


Therefore,  the  pressure  velocity  divergence  correlation  can  l)e  expressed  (using  again 
the  polytropic  assumption 


^  dxa,  p  ^  di  e 
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Consider  once  more,  the  variance  of  the  density  fluctuations:  F  =  y  p'^/p.  Using  the 
mean  continuity  equation,  (6-37)  simplifies  to  give; 


dvl  _  { I  dp  if  dr-  _ 


(C-38) 


Combining  equations  (129)  and  (149)  and  neglecting  higher  order  terms,  the  local 
value  of  the  density  variance  can  be  expressed  as; 


p2  _  /  1  dh  dh 

V(r!  -l)pftf/  ^  "  ^da'„d.ri) 


(6  -  39) 


In  the  computation  wi'h  a  A’  —  e  model,  each  of  the  quantities  in  equation  (6-39)  are 
known  and  can  be  used  to  establish  the  F  distribution.  Doing  .so,  the  restriction  to  slow 
variations  of  density  fluctuations  has  been  discarded,  and  make  possible  the  application  to 
the  crossing  of  shock  waves  for  instance,  provided  that  the  local  gradients  are  calculated 


properly.  Nevertheless,  the  shock  wave  cro.s.siiig  is  still  a  {irohleni  whicli  would  require  a 
more  extensive  testing. 


6.2.2.  Zeman’s  modelling  of  pressure  divergence 
a)  density  gradient 

In  a  first  approach,  the  zero  pressure  gratlient  compressible  boundary  layer  was  con¬ 
sidered.  With  certain  approximations,  one  can  cast  the  equation  for  the  pressure  variance 
p'^  in  the  following  form: 


1  /  dp'^ 

2  y  ^  ^  “  dxa  j 
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(6  -  40) 


Zeman  expressed  the  pressure  flux  in  terms  of  the  turbulent  mass  flux  (density/velocity 
correlation).  That  correlation,  can  be  closed  by  a  gradient  apiiroximation,  i.e.  a  fnnctiojj 
of  the  mean  density  gradient.  Then,  Zeman  assumes  that,  in  the  boundary  la\er  ajjproxi- 
amtion,  the  substantive  derivative  can  be  neglected  and  the  transport  e(iuation  reduces  to 
the  balance  between  the  pressure  dilatation  and  the  density  gradient  term: 


fp{Mt)rt  v/ 


\dxi 


(6  -  41) 


in  which  r,  is  a  turbulent  time  scale,  /p  is  a  function  of  the  turbulent  Mach  miml^er 
which  must  satisfy  the  limit  condition: 


/p  — ►  asM,  — ►  0 


(C-  42) 


According  to  Zeman,  the  density-gradient  contribution  to  the  pressure  dilatation  is  always 
positive  and  reflects  the  process  of  conversion  of  the  potential  energy  to  kinetic  energy. 

A  correct  choice  of  the  appropriate  form  of  the  ftinction  fp  lead  Zeman  to  the  re¬ 
alization  that  inchision  of  this  contribution  yielding  results  which  agree  with  Van-Driest 
scaling. 

b)  Rapid  compression  contribution 

By  a  rather  straightforward  manipulation  of  the  flow  equations  for  compressible  homo¬ 
geneous  turbulence,  Zeman  and  Blaisdell  [113]  proposed  a  mo<lel  for  the  pressure  dilatation 
correlation  based  on  a  term  of  exchange  with  the  mean,  on  one  side,  and  a  mean  velocity 
divergence  on  the  other  side. 
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in  which  pi  is  the  equilibrium  vahie  of  the  pressure  variance. 

This  model  represents  fairly  well  the  physics  involved  in  the  DNS  of  Coleman  and  Mansour 
/121/  (spherical  deformation),  but  unfortunately  it  is  not  able  to  reproduce  the  results  of 
a  rapid  directional  strain. 

To  overcome  this  difficulty,  Durbin  and  Zeman  /122/  used  the  Rai)id  Distorsion  Theory  to 
propose  a  compressible  model  sensitive  to  directional  strain,  based  on  the  balance  of  the 
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transport  equation  for  the  p' 37^  correlation.  That  model,  which  is  bilinear  with  resj^ect 
to  the  trace-free  strain  rate  tensor  and  the  turbulence  anisotropy  as  well  is  written  a.s. 


dv  •) 


i  G  -  44 ) 


where  S'j  =  7(^4,;  +  CO.'  “  f  trace-free  mean  strain  teirsor  and  h,j  is  fh<" 

anisotropy  tensor.  In  the  present  k-c  model,  because  the  anisotropy  is  not  ticcessible  for 
this  level  of  closure,  we  used  a  simpler  version 


P'-^  =  -fJipCrlSO  )■. 


[  G  ”  45) 


This  rapid  contribution  to  p’77^  is  e.\p('cted  to  be  very  important  in  shock/ 1 urbulence 
interactions.  It  was  idtmtified  as  an  important  kinetic  enerf^y  sink  in  the  DXS  of  rapid 
directional  compression  of  turbulence  ( as  opposed  to  s;)lierical  com])ression  where  S*^  =  0. ). 

G.3.  COMPRESSIBLE  DISSIPATION 

.A.lthout>,h  compressibility  effects  appear  naturally  in  the  ])ri'ss\ire  corifdation  terms, 
they  can  also  be  ttiken  into  account  t)y  other  mechanisms  like  the  dissipation. 

Zeman  /107/  and  Sarkar  ti.  al.  /lOS/  jtointed  out  a  com]>r('ssil)l('  contribtitiou  in  thr‘ 
dissipation  terms.  Recal  tli<’  ('xact  form  of  tin-  dissipation  for  the  Reynolds  stn-ss  transitort 
equation; 

..  0v\  ,.  Ov" 


which  redtices  for  the  turl'uh'iit  kinetic  energ\'  (Mjtiation  to; 


(G  -  4G) 


nf  =  (T  — 


(G-47) 


in  which  is  the  fluctuation  of  the  stn'ss  <-omponent.  Define  the  strain  rat(*  and  vorticity 
tensors  a.s; 


1  , 

(dv,. 

dvj\ 
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2 
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d.rj 

(6  -  49) 


For  compressible  flows.  Newton's  law  gives  the  expression  of  viscous  stresses; 


in  which 


d  =  divtT 


(6  -  60) 

(6-51) 
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Neglecting  the  viscosity  fluctuations,  the  relation  applies  also  to  fluctuatiious.  Pie 
serving  the  symmetry  properties  of  the  stress  and  strain  rate  tensors,  the  dissipation  can 
be  written  as: 


pe  = 


(G  -  52) 


Now  it  is  straightforward  to  show  that: 


=  ’’art,  + 
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After  some  manipulation,  it  comes: 


5t’”  ^  Qp' 


d  .  dr’  „  ,  dr'  dr 


dx^dia  dxadx^i'  dx,,''dx,^ 

which  simplifies  for  homogeneous  turbulence  to: 
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(C  -  54) 
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The  total  dissipation  becomes: 


- r—  4 - 

P(=f‘[  '^’’aj’'aJ  +  3^^  ‘ 


(C  -  5G) 


Thus,  the  dissipation  rate  can  be  splitted  in  two  components,  the  solenoidal  dissipation 
fs  and  the  compressible  dissipation  (dilatation  dissipation  for  Zinnan) 


pi  =  pe.,  +  pic 


with 


pe,  =  p2r\,jr^j 
pfc  = 


(6-57) 

(G  -  58) 
(G  -  59) 


Sarkar  ei  al.  /108/  and  Zeman  /107/  suggest  similar  models  for  the  compressibk' 
dissipation,  based  either  on  the  observation  of  randomly  distributed  shocklet  structun's  in 
the  direct  numerical  simulations  /111/,  or  on  an  asymjitotic  behaviour  of  the  eipiations. 
For  Zeman,  the  modelled  dissipation  has  the  form: 


f  =  f,(l  -f  c,iF{Mi,K)} 


(G  -  60) 


with  Mt  is  a  characteristic  turbulent  Mach  number  and  A'  the  kurtosis  of  the  velocity 
fluctuations.  For  Sarkar  et  al.  ,  the  modelled  dis.sipation  is: 

e  =  e,{l  +  aiMf)  (6-61) 

in  which  oj  is  a  constant  equal  to  unity,  and  Mt  is  also  the  turbulent  Mach  number. 
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In  a  recent  jiaper,  Nichols  /llO/  proposi'd  a  A  — f  motU-l  for  coiupressittle  tiuvvs.  Be>i«ii’> 
the  addition  of  thf'  mean  velocity  divergenc*-  in  tlw  production  tcnii,  Nichols  worked  otit 
a  transport  equation  for  tlie  turbulent  kin<‘fic  en<“igy  in  terms  of  imweighted  averaged 
Vciriables.  This  produces  extra  terms  depeiuling  of  densitywelocity  corndatioiis.  Among 
them,  the  most  significant  has  been  identifitsl  as  a  turbulent  velocity-density  (lissi[)anon: 


where  SaJ  is  the  mean  strain  rat('  tensor: 


5«.y 


1  /  Or,,  dr,i 
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^  2  \d.v. 


Ox 
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Using  the  differential  form  of  the  energy  equtition  and  neglecting  the  tliu  tuations  of 
total  temperature  and  pressure,  (hmsity-velociry  correlation  is  expressed  as: 


l»'n 

The  modelled  form  of  the  turbulent  velocity-density  dissi])afion  is: 

2eo7^5,..y  =  C/ul '  -  1  )MMlP  ( C  -  Go) 

where  Mi,  =  x/T/u  is  th<'  turbukuit  Mach  numiter  :md  P  is  the  production  term  (including 
inchiding  the  mean  velocity  divergence).  The  const  tint  C',,i  wtis  fotuid  to  bi'  4.0  through  im- 
merical  experimentation  for  jet  spreading  rate  a  function  of  Mitch  ntunlti'r.  Etnuition  ( 175) 
can  be  considered  as  a  correction  to  the  producriojj  term  itt  t]je  turbulent  kint'tic  ent'igy 
equation.  The  production  term  in  the  dissijuttion  (siuation  is  ciilculated  with  tin'  com¬ 
pressible  Boussinesq  tqtproxim.itioin  l>ut  dot's  not  include  the  turbulent  xeiocity-deiisiry 
di.ssipation  term.  If  is  a.ssumed  that  the  vt'locity-density  corn'kation  is  associiited  with  the 
large-scale  structure  of  the  flow  while  dissipation  operatt's  on  the  sniitll-scalt'  dissipative 
eddies. 


=  (• 


-  l)M-^ 
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7  MODEL  IMPLEMENTATION 


For  many  years,  the  development  of  unmeiiral  methuii^  ha."  Im'cii  iii<>ti\aT<  d  In  riu 
need  of  solutions  for  the  Navier-St<>kes  e<{uations.  Only  recently,  ha."  int<’i(‘"t  ui'  it  a."ed  lu 
the  solution  of  turbulence  models  and  the  development  of  accniate  tinliulenci  model"  has 
been  recognized  as  a  necessary  route.  Indeed,  the  inteu'st  in  algebraic  model"  lui"  be<'n 
due  in  part  to  r  inherent  simplicity,  but  also  to  the  straightforward  e.xtension  from 
laminar  to  turbident  cases  by  merely  an  alternate  definition  of  th<’  \i"CO"ity  coethcieut 
Unfortunately,  experience  has  shown  that  such  a  crude  modi'lling  assumption  was  not 
satisfactory  as  soon  as  the  flow  was  slightly  complex.  The  use  of  rranspoit  e<piari<in 
turbulence  models  introduces  the  turbident  kinetic  energy,  which  needs  to  Im  accounted 
for  in  the  total  energy  budget.  For  incompressilile  flows,  this  conci  pt  is  not  n’leiant, 
since  the  pressure  is  not  a  thermodynamic  variable,  but  has  only  a  niecluuucai  role-.  In 
compressible  flow  the  situation  is  euite  different  and  th(“  existence  of  k  is  felt  e\erywhere 
in  a  Navier-Stokes  solver,  even  inside  the  Euler  juut. 

A  second  difficulty,  which  is  a.s.sociated  with  transport  ('(piations  for  turbulence  modt  ls 
is  the  treatment  of  non  conservative  source  terms.  As  most  of  nuuK'rical  scla  ines  for  Nai  ier 
Stokes  equations  took  advantage  of  their  strong  conseivativ(>  characti  r.  i)robleins  related 
to  the  stability  and  the  stiffness  of  sourci'  terms  has  often  Ix'en  discarded,  W’e  will  examine 
in  this  paper,  various  techniques  to  handh'  these  problems.  I'siiecially  m  the  framework  >-f 
implicit  .schemes. 


7.1.  Energy  coupling 

The  instantaneous  form  of  the  total  energy  d«>finiti<>n  is: 

r-  1  -  , 

pt  -  p(  +  -  />(•<»(',>  (  (  -  1 ) 


In  terms  of  Favre  mean  and  fluctuating  components,  this  riiuation  Ix'comes.  afttu"  time 
averaging: 

1 

(7-2) 


E  —  €  -  t’ot’o  + 


Therefore  the  solution  of  the  temperature  field  from  the  tot;d  energy  enpiation  requires 
the  knowledge  of  the  turbulent  kinetic  energy.  Neglecting  that  (piantity  /9S/  is  eq’.iivalent 
to  ignoring  the  energy  which  is  extracted  from  the  mean  motion  to  constitute  the  turbu¬ 
lence  energy.  For  incompre.ssible  flows,  this  is  ignored  and  the  turbulent  motion  is  only 
superimposed  to  the  mean.  The  coupling  appears  only  through  the  mechanical  role  of  the 
turbulent  stresses,  which  are  added  to  the  viscous  terms.  For  comiiressible  flow  calcula¬ 
tions,  all  the  energy  exchanges  between  the  various  scale  motions  must  be  considered  to 
satisfy  the  global  energy  budget.  It  is  well  understood  that,  in  most  of  the  inviscid  part  of 
a  flow  field,  the  turbulence  level  is  very  low  and  the  energy  budget  is  not  affected.  But  in 
regions  with  high  shear  or  strong  pressure  gradients,  the  turbulent  kinetic  energy  can  be 
of  the  order  of  the  mean,  and  must  not  be  neglected  as  done  usually  /44/,/51/./99/. 

The  complete  formulation  of  the  constitutive  relationship  for  the  Reynolds  stress  is 
written  in  terms  of  density  weighted  variables  as: 


jd  va  ^  dvp 


dxa  dx^ 


:^1  rx 
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f)  ?0 


ill  which  the  turbuleut  kinetic  energj'  term  makes  the  coiitiacteil  index  fniiu  possible.  Tins 
fmitiire  appears  explicitly  in  the  inoinentiun  and  total  tniergy  e<juatious  where  a  tmbulent 
normal  stress  is  added  to  the  mean  pressure.  A  so-called  effective  pressure  c  an  be  defined 
in  tfi'^  following  way: 

2 

p’  =  p  +  ^pk-  (  7  -  4 ) 

In  fact,  this  turbulent  contributitm  to  tiie  pressure  field  is  only  an  ajiproximation 
neglecting  the  anisotropic  nature  oi  the  Reynolds  stress  tensor.  It  was  only  introduced  to 
insure  a  non-zero  trace  of  this  tensor. 

Such  an  ajiproxiination  does  not  take  place  within  the  framework  of  a  stn-oiul  order 
closure.  In  that  case,  the  normal  stresses  appear  explicitely  in  the  inomentuin  and  total 
energy  etpiations.  Then,  the  relevant  effective  pressure  is  not  isotro[)ic  any  longer.  l)nt 
also  (h'pends  on  the  turbulent  energy-  distribution  on  its  three  normal  com])onents.  For 
instance,  in  the  a-inomentmn  equation,  the  effectir’e  pressure  will  be: 

P'.=P  +  P<\,’  (7-5) 

Unfortunately,  the  concept  of  an  anisotropic  pressure  field  is  difficult  to  handle,  es¬ 
pecially  with  respect  to  th('  teinperatun'  field.  Therefore,  it  is  ne<-essary  to  follow  the 
same  reasonning  as  for  the  static  pressure  definition  from  the  kinetic  theory  of  ga.ses.  ;md 
a])i)roxim<tte  the  tnrlnilent  pressure  by  the  mean  of  thre<’  comi)oni'nts.  i.e. 


7,2.  Diagonalizatiou  of  jacobiaa  matrices 


To  avoid  the  severe  limitations  of  explicit  methods,  implicit  .s(  hemes  are  j)referred,  A 
classical  (but  non  unique)  method  for  olitiuning  an  implicit  iq>]>i(iximi(tion  is  to  ttike  the 
time  derivative  of  the  original  sysf<>tu  /lOO/. 


with  the  \'ector  elements: 


0  fOr  OF  DC  1 
Of  [  Of  ^  0.r  ^  Of,  ~ 


u  = 


G  = 


/' 

pti 

pi’ 

pE 

pk 

pf 


pu 

-  >  ■'>  , 

+  />  4- 

fW  r 

piiE  +  {/>  +  7i/>k)ii 
pik 
piif 


/>'• 

f)ur 

pr~  -f  -h  ^pk 

pi'E  -f  (/>  -h  ^pk)i 


pik 

pif 


Define  the  Jacobian  inatrict's  as: 
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th('  implicit  nppioxiniatioii  writes  as: 
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with  the  folhwvitig  increments: 
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Eejnation  (7-7)  can  he  solved  either  hy  approximate  factori/ation  or  hy  classical  re 
liiXation  methods  such  as  line  Ganss-Sei<lel  or  point  Jacobi. 

Equation  (7-2)  is  us<>d  in  th<-  devehqmK'nt  of  tin-  diagonal  form  of  the  Jacobian  matrices 
.4  and  D.  Consider,  for  instance  the  x-direction.  the  Jacobian  .4  can  be  related  to  its 
diagonal  form  by  the  relation: 

.4  =  5A'-' .  A  ,  .5A'  (7-S) 

Tak<>  one  further  assum])tion,  the  k  —  f  two-equation  turbulence  model  is  used  in 
conjunction  with  the  Xavier-Stokes  equations.  Then  all  matrices  are  dimensioned  C  by  C. 
The  diagonal  A is: 
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transformation  matrices  SX  and  5A’ 
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in  which  a  =  (u^  +  v^)/2  and  /3  =  7  —  1.  The  Jacobian  A  includes  also  the  conpling  through 
the  turbulent  energy  k. 
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A  similar  form  is  obtained  with  a  second  order  closure  tuib\ileuce  model.  l)Ut  tht- 
matrix  dimension  is  then  9  by  9.  To  illustrate  that,  only  the  .4  Jacobian  is  shown  Iktc: 
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with  the  following  terms: 


>121  =  ali  — 

A22  =  (2  -  I3)u 

A41  =  2Bau  —  ~iEu  /iAr  —  vu'i> 


A42  =  ^E-  B- 


Bk  +  »"2 
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These  matrices  show  clearly  the  coupling  between  the  Navier- Stokes  equations  and  the 
transport  equations  for  the  normal  components  of  the  Reynolds  stress  tensor,  just  because 
of  the  introduction  of  the  turbulent  kinetic  energy  in  the  glo1)al  energy  budget,  whereas 
there  is  no  appeirent  coupling  with  the  shear  stress  and  the  dissipation  rate  ecjuation.  In 
fact,  these  equations  are  relate'^  to  the  previous  through  the  source  terms  only. 

7.3.  TVeatment  of  non-conservative  equations 

To  treat  implicitely  the  source  terms,  various  techniques  are  available.  Recall  first  the 
general  implicit  approximation: 


_  ^  dA9  ^  dB» 

{I  +  At— rj - h  At— ^ — 

ox  ay 


At.C)t)f^"+*  =  AU’' 


The  simplest  way,  which  is  somehow  trivial,  is  to  apply  a  first  approximate  factoriza¬ 
tion,  without  considering  the  formal  content  of  the  source  terms.  Then  it  comes: 

(I  +  At^  At—  -  At.C)  -  (/  -k  At^  +  At^)  (I  -  At.C)  -t-  0(Af)  (7-20) 
ox  ay  ox  ay 

The  C  matrix  can  be  considered  as  diagonal  whatever  the  formal  content  is,  i.e. 

'0  0  0  0  0  O' 

0  0  0  0  0  0 

0  0  0  0  0  0 

C  =  0  0  0  0  0  0  (7-21) 

0  0  0  0  0 
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for  the  two  equation  model.  With  a  second  order  closure,  this  matrix  has  the  following 
form: 
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Before  doing  the  work  on  the  space  operator,  the  inversion  of  the  diagonal  source  term 
matrix  is  straightforward; 


,  ^A^  ,  dB 

(/  +  At— —  -|-  At 


dx 


dij 


=  Ar"  .(/  + Atld) 


-I 


(7-23) 


Therefore,  the  explicit  increment  is  modified  first  by  the  source  term  contribution, 
before  being  updated  by  the  space  derivative  operator(s).  either  with  an  approximate 
factorization  or  a  relaxation  technique. 

A  slightly  different  method  avoids  the  factorization  for  the  source  contrii)ution.  Then 
the  source  terms  are  grouped  with  the  transverse  advection  operator  /lOl/,  /102/.  In  that 
case,  the  same  eigenvalue  is  used,  which  is  the  the  maximum  vahu'  among  all  equations  to 
be  solved. 

Unfortunately,  the  use  of  these  blind  forms,  without  accounting  for  the  fonnal  content 
of  the  source  terms  does  not  guarantee  the  stability.  Therefore,  it  has  been  found  necessary 
to  develop  more  exact  forms  of  the  Jacobian  matrix.  Although  various  developments  are 
possible,  we  will  develop  here  a  typical  form  which  has  been  worked  out  by  Viegas  and 
MacCormack  /103/  for  a  —  e  turbulence  model. 

Consider  the  set  made  only  with  the  turbulence  transport  etpiations.  The  convective 
and  diffusive  parts  are  supposed  already  solved  with  the  Reyitolds  averaged  Navier-Stokes 
equations.  Then  we  have  only  to  work  on: 


dl 

dt 


where  the  two  vectors  U  and  H  are  now: 


U  = 


pk 


(7-24) 


An  implicit  approximation  of  equation  (7-25)  is: 

U"+'  =  U"  -t- 
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in  which  is  evaluated  at  time  (n  -f  1).  This  can  be  achieved  by  a  first  order  serie 

expansion: 

Hn  +  l  =  fjn  ^SU;  with  bU  ^  +  ‘  -  r" 

aU 

Then  the  implicit  approximation  can  be  rewritten  as: 

dH 

{I  ~  At SU  =  At  H”  (7-26) 

The  task  is  to  evaluate  properly  the  Jacobian  matrix.  Let  first  discriminate  between 
positive  and  negative  source  terms.  An  ratlier  elementary  stability  analysis  on  equation 
(193)  shows  that  stability  cannot  be  obtained  with  an  implicit  approximation  when  the 
source  term  is  positive.  The  same  is  true  for  an  explicit  approximation  with  negative 
source  terms.  Therefore  we  keep  only  in  the  implicit  approximation  the  "good”  terms, 
which  are  negative.  Therefore: 


rr  - 


H,  =  -C^oh 


(pf) 

pk 


Recall  the  definition  of  the  turbulent  viscosity  (3-1) 

Pi  =  ffj  p  — 


Then  the  turbulent  kinetic  energy  dissii)ation  can  be  exprt'ssed  as: 

P  (  —  ^  tif H 


pt 


Then  the  source  terms  can  be  rewritten  as: 


Pt 


pr 


17  r-  7  - 
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(7-28) 


(7-29) 


Quantities  marked  with  a  *  are  considered  as  con.stant  during  the  current  time  step, 
i.e.  they  lag  in  time  by  one  time-step.  The  corresponding  Jacobian  matrix  can  be  written 


as: 


dH 

dU 


dHk  1 

dpk 

dpe 

dH, 

dH, 

L  dpk 
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Then  the  implicit  approximation  can  be  written  as: 

1  +  A<(^^plt  -^)  0 

'  Pt  py^ 

l  +  At{~2C\2f2^.) 


S(pk) 

6(p() 
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As  one  of  the  off-diagonal  terms  is  zero,  equation  (7-32)  can  be  soh'ed  directly  and  we 


Sipk)  = 


At 


6(p€)  = 


1  +  Af  (2^^pk  +  ^) 

V  Pi  py^  J 

At  -h  At  C,2f2{^yHpk)  At  H^d  - 
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1  +Af  (2C2/2^) 


1-^Af  (2C'2/2^) 

f)  K 


This  technique  is  closer  to  the  physics  but  nevertheless  suffers  from  being  too  strongly 
linked  to  the  model  itself.  Any  change  in  the  ft)rm  of  the  turbulence  model  requires  a 
partial  reformulation  of  the  Jacobian.  Assume  for  instance,  that  we  want  to  use  a  slightly 
different  turbulence  model,  such  as  the  following  /85/.  /91/.  /92/: 


Hk  =  -pc- 


H,  =  -C,2f2Pj  +  jr^TRA 


(7-34) 


in  which  XTRA  represents  an  additive  term  we  want  to  include  for  rotation  or  compress¬ 
ibility  effects  for  instance.  In  equation  (7-34),  only  the  "good”  terms  have  been  retained, 
i.e.  terms  supposed  lO  comply  with  implicit  stability  criteria.  C<5nsi(ler  the  two  possibilities 
for  XTRA. 

XTRA  <  0:  Then  this  term  is  considered  as  ’’good"  and  must  be  included  in  the 
implicit  procedure. 

tJ  _  A  l.\2 


H,  =  -pe  =  -:^(pkr 
Pt 

H,  =  -C,2/2^^  +  ^XTRA 

p  k  p  k 


(7-34) 


Then,  approximation  (7-32)  writes  now: 
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and  it  comes: 


6{pk)  = 


6{pe)  = 


At 


1  + At  2^-^pk 


Pt 


p( 


At  H”  +  At  -^(C,2hpe  -  XTnA)d(pk) 

_ (Mr _ 


(7  -  36) 
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pk 
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XTRA  >  0:  Then  this  term  is  not  appropriate  to  preserve  finite  values  of  transported 
quantities  must  be  eliminate  from  the  implicit  side.  Then  the  Jacobian  reduces  to; 
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and  the  implicit  approximation  writes; 


1  +  At^^^  p  k 
Pi 


pf 


(pk^^ 
and  the  solution  is: 
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Further  refinement  can  be  gained  in  the  evaluation  of  the  Jacobian  matrix,  by  consid¬ 
ering  a  non  diagonal  form.  A  time  serie  expansion  of  term  H  writes  as; 


r\j  j 

Rn+l  ^  ^  ^  O(At^) 


(7-40) 


The  C  matrix  represents  the  exact  Jacobian  of  H .  Using  the  fact  that  H  itself  contains 
space  derivatives  of  the  primitive  variable  U,  equation  (7-40)  can  be  written  as; 


dx  '  dy 

d^iSU) 


dx^  dy'^ 
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As  a  simplified  example,  let  us  consider  the  source  terms  of  the  turbulent  energy 
equation  (without  the  explicit  compressibility  effects),  expanded  for  a  two  dimensional 


plane  flow  prohl('ni.  The  sum  of  production  and  destruction  luechanisms  is  written  as. 
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in  which  n  is  a  coordinate  normal  to  the  nearest  solid  wall.  A  first  order  e.xpaa.sion  with 
respect  to  the  non  conservative  variables  yields; 
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To  obtain  a  form  close  to  equation  (7-43)  (>xpr<'ss('d  in  term  of  conservativ<'  varial>l('s. 
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a  is  the  kinetic  energy  of  the  mean  motion: 


o  = 


(7-46) 


Furthermore,  equation  (7-41)  has  to  be  written  for  the  computational  space  with  the 
general  transformation: 

=  -t-—  ( 
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Then  the  contribution  of  the  turbulent  kinetic  energy  to  the  vector  eijuation  (210) 
can  be  written  as: 
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with  the  following  matrix  elements: 
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Then  the  space  derivatives  actiiiji;  on  />{’  are  expressed  in  terms  of  all  points  adjacent 
to  the  (i,j)  location,  say  (i,j  +  l),  (i,j-l).  (i-].j).  (i  +  l.j)  with  out  sided  an-l  centt-rc'd  finite 
differences  for  first  order  and  secoiul  order  d<‘rivatives,  resj)ectiv('ly. 


8.  CONCLUSIONS 


This  course  iiiteiuLs  to  give  a  general  snrv<'y  on  rlie  tools  a\alail)l<  to  ja  doiin  hasa' 
turbulence  modelling  for  compressible  flows.  A  si)eci;d  effort  has  Ijt'eu  made  to 
in  a  logical  manner  the  different  model,  from  the  simplest  one  to  the  more  eiaboratt'.  In 
the  author’s  opinion,  the  topic  of  the  second  order  clostue  has  b«>t'u  only  toviched  through 
the  problem  of  the  Reynolds  stress  modelling.  This  hidt's  :i  lot  of  ])robleius.  which  ;tre 
not  solved  yet,  to  extend  this  closure  to  a  glottal  probh-m  with  significant  heat  and  mass 
transfer.  The  simplest  model  have  been  presented  first,  as  a  necessary  step  for  anyone 
willing  to  go  tarer  m  the  ecjuations  trouines... 

It  is  recognized  that  simplest  models  are  still  capable  of  solving  a  large  proportion 
of  practical  problems.  Nevertheless,  for  variable  density  problems,  it  is  important  to 
distinguish  three  flow  regimes;  i)  the  low  spi'eil  Hows;  ii)  the  wt-akly  compressiljle  Hows, 
iii)  the  strongly  compressible  Hows.  From  al  mnarks  made  above,  it  si'ems  tha  the  middle 
class  does  not  need  imperatively  the  explicit  compiexsil,iility  terms.  l)ut  tlie  results  couhl 
be  expected  for  transport  erpiation  model  in  the  ca.se  of  non  e(juilil)rium  Hows.  In  the  Hrst 
case,  density  variations  can  lx-  significant  for  hc'terogeneous  mixing  and/or  combustion. 
In  such  cases  the  explicit  comprt'ssibility  terms  plays  a  significant  role  on  the  mean  How. 
and  it  appears  that  their  use  cannot  be  avoided.  For  the  last  case  (strong  coinpu'ssibility  ). 
these  terms  are  needed  too,  but  the  lack  of  turi)uh'nt  exp<'riments  on  such  Hows  leave 
plenty  of  room  for  further  research  work. 
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ABSTRACT 

The  problem  of  hypersonic  shock  wave  boundary  layer 
interactions  over  simplified  geometric  configurations 
that  simulate  the  vicinity  of  deflected  control  sur¬ 
faces  on  lifting  reentry  vehicles  is  addressed.  The 
discussion  evolves  primarily  around  surface  pressure 
and  heat  transfer  data  over  flat  plate/ two-dimensional 
and  swept  compression  ramp  configurations,  and  the 
axisymmetric  hyperboloid  /  flare  configuration,  em¬ 
phasizing  the  prediction  of  peak  heating  in  regions 
of  interaction,  the  promotion  of  laminar-turbulent 
transition,  and  the  performance  and  validation  of 
CFD  codes.  Following  a  brief  overview  of  the  fun¬ 
damental  physical  phenomena  associated  with  shock 
wave  boundary  layer  interactions,  eis  these  have  been 
identified  and  summarized  in  the  extensive  litera¬ 
ture  available  on  the  subject,  the  paper  is  split  into 
three  main  parts.  The  first  part  concentrates  on  the 
analysis  of  global  pressure  and  heat  transfer  distri¬ 
butions  and  their  comparison  with  simple  bound¬ 
ary  layer  theory,  emphasizing  peak  heating  at  the 
downstream  end  of  the  interaction  region.  The  sec¬ 
ond  part  addresses  the  formation  of  streamwise  stri- 
ations  in  reattaching  flow  regions,  and  the  associ¬ 
ated  spanwise  heat  transfer  variations  which  may  ex¬ 
ceed  ±50%  of  the  mean  local  heating  level.  Last  but 
not  least,  the  performance  and  limitations  of  state- 
of-the-art  Navier-Stokes  computations  in  computing 
hypersonic  separated  flows  are  illustrated  by  means 
of  a  series  of  CFD  code  validation  test  cases  assem¬ 
bled  in  recent  years. 
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deflection  angle  of  dividing  streamline 

ramp  deflection  angle  normal  to  hinge  line 
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Subscripts 

0  reservoir  (total) 

oo  freestream 

e  edge  of  boundary  layer 

p  pressure  plateau 

pk  peak  beating 

r  recovery  (adiabatic,  non-radiating  wall) 

real  reattachment 

rej  reference  boundary  layer 

sep  separation 

u.i.  upstream  influence  point 

w  wall 
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*  at  Eckert’s  reference  temperature 

1  INTRODUCTION 

Shock  wave  boundary  layer  interactions  have  been 
the  subject  of  extensive  research.  Over  the  past 
50  years,  since  the  phenomenon  was  first  observed 
by  Ferri  [1],  a  large  number  of  configurations  have 
been  investigated  at  a  wide  variety  of  flow  conditions 
which  are  summarized  in  a  number  of  review  papers 
[2-14].  Emphasis,  however,  has  been  placed  on  ap¬ 
plications  in  the  field  of  missile  aerodynamics  and, 
consequently,  on  high  Reynolds  number  flows  with 
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fully  developed  turbulent  oncoming  boundary  layers 
at  relatively  low  Mach  numbers,  although  some  of 
the  literature  refers  explicitly  to  hypersonic  flows. 

The  receiil  bousl  iii  space  tiaUSportatiOu,  caaictc- 
terized  by  the  appeeurance  of  a  number  of  ambitious 
concepts  for  hypersonic  vehicles  worldwide  (lifting 
reentry  vehicles  as  well  as  single-  or  two-stage-to- 
orbit  airbreathers),  has  been  accompanied  by  an  in¬ 
creased  interest  in  fundamental  research  in  ascent 
/  reentry  eierothermodynamics,  much  related  to  the 
development  of  a  better  understanding  of  the  rele¬ 
vant  flow  processes  and  their  modelling,  as  well  as 
to  the  development  and  validation  of  Computational 
Fluid  Dynamics  (CFD)  codes  which  are  playing  an 
increasingly  important  role  in  the  design  process. 
Noting  that  the  design  of  control  surfaces  has  been 
identified  as  one  of  the  most  critical  areas  in  the  de¬ 
sign  of  hypersonic  aircraft  [15,16],  a  significant  part 
of  this  research  effort  (experimental  and  theoretical) 
has  been  devoted  to  the  subject  of  control  effective¬ 
ness  and  heating. 

Focusing  on  the  lifting  reentry  of  a  spaceplane  and, 
particularly,  on  its  initial  stages,  the  associated  aero¬ 
dynamics  are  characterized  by  high  Mach  numbers  in 
excess  of  10  or  15  and  rather  low  Reynolds  numbers, 
so  that  fully  laminar  boundary  layers  are  expected 
to  develop  over  many  of  the  wetted  surfaces  of  the 
reentry  vehicle.  This  is  the  case  with  Hermes-type 
spaceplanes,  where  the  small  size  further  encourages 
laminar  flow  over  large  parts  of  the  vehicle.  With 
reference  to  Fig.  1,  attention  is  drawn  to  control  sur¬ 
faces  such  as  the  body  flap,  the  elevens  and  the  rud¬ 
ders  on  the  wing  tip  fins.  During  reentry,  the  vehicle 
is  to  fly  at  an  incidence  angle  of  30°  or  40°,  in  which 
Ccise  the  body  flap  will  face  a  relatively  low  Mach 
number  (of  the  order  of  3)  flow  with  a  laminar,  tran¬ 
sitional  or  turbulent  oncoming  boundary  layer,  de¬ 
pending  on  the  altitude.  The  highly  swept  (because 
of  the  angle  of  attack  of  the  vehicle)  wing  tip  rudders, 
however,  will  face  a  high  .Vlach  number,  low  Reynolds 
number  flow  with  a  fully  laminau’  boundary  layer  de¬ 
veloping  on  the  fins  ahead  of  the  hinge  line.  In  both 
cases,  deflection  of  the  control  surface  is  bound  to 
cause  an  intera'  u  between  the  oncoming  bound¬ 
ary  layer  and  the  resulting  shock  wave,  which  may 
yield  significant  flow  separation,  particularly  in  cases 
where  the  oncoming  boundary  layer  is  laminar  and, 
hence,  less  resistant  to  adverse  pressure  gradients. 
Consequently,  significant  losses  in  control  effective¬ 
ness  (bearing  in  mind  the  finite  chord  of  the  control 
surface)  and  excessive  heating  of  the  structure  may 
be  anticipated.  Such  interactions  will  be  clearly  in¬ 
fluenced  by  three-dimensional  effects  associated  with 
the  finite  span  and/or  sweep  of  the  deflected  control 
surfaces,  as  well  as  any  three-dimensionality  of  the 
oncoming  flow. 

For  the  purposes  of  fundamental  research,  both  ex¬ 


perimental  and  computationzd,  simplified  geometric 
configurations  are  sought  to  simulate  a  deflected  con¬ 
trol  surface.  Such  configurations  eire  illustrated  in 
Fig.  2:  a  flat  plate  followed  by  a  swept  or  unswept 
compression  ramp,  an  Misymmetric  hyperboloid  / 
flare  configuration,  and  a  delta  wing  followed  by  a 
deflected  flap.  It  is  noted  that  shock  wave  bound¬ 
ary  layer  interactions  of  a  similar  type  may  also  be 
encountered  in  the  nose-canopy  region  of  the  space- 
plane,  which  heis  been  approximated  by  double  ellip¬ 
soid  configurations. 

The  relevant  flow  conditions  cover  a  wide  range.  Along 
a  typical  lifting  reentry  trajectory,  at  Mach  numbers 
of  less  than,  say,  15,  the  flowfield  is  adequately  cheir- 
acterized  by  the  Mach  and  Reynolds  numbers.  In 
this  range  the  flow  comprises  a  perfect  gM  which  may 
be  treated  as  a  continuum;  the  oncoming  boundary 
layer  may  be  laminar  or  turbulent;  and  the  interac¬ 
tion  process  may  promote  laminar-turbulent  transi¬ 
tion.  For  higher  altitudes  and/or  velocities,  the  flow- 
field  is  significantly  complicated  by  high  enthalpies 
and  the  consequent  thermo-chemical  effects,  as  well 
£is  by  rarefied  gas  effects. 

The  discussion  hereafter  is  based  on  experimental, 
analytical  and  numerical  results.  The  geometric  char¬ 
acteristics  of  the  interaction  are  addressed,  but  em¬ 
phasis  is  placed  on  the  pressure  and  heat  transfer 
distributions  in  the  vicinity  of  the  shock  wave  bound¬ 
ary  interaction.  The  continuum  perfect  gas  regime 
is  almost  exclusively  considered,  due  to  the  limited 
amount  of  data  exhibiting  significant  real  gas  efects 
in  regions  of  shock  boundary  layer  interaction.  For 
simplicity,  the  flat  plate  /  two-dimensional  ramp  con¬ 
figuration  is  extensively  used  in  the  discussion,  but 
more  realistic  three-dimensional  and  generic  config¬ 
urations  are  considered  too. 

In  what  follows,  section  2  provides  a  qualitative  de¬ 
scription  of  the  fundamental  phenomena  in  the  in¬ 
teraction  region  and  the  relevant  flow  and  geometric 
parameters,  and  addresses  incipient  separation.  Sec¬ 
tion  3  concentrates  on  global  aspects  of  the  effects 
of  the  interaction  upon  surface  pressure  and  heat 
transfer  distributions,  and  section  4  focuses  on  the 
localized  striation  heating  phenomena  observed  in 
reattaching  flow  regions.  The  contribution  of  compu¬ 
tational  fluid  dynamics  to  the  shock  boundary  layer 
interaction  problem  is  addressed  in  section  5,  empha¬ 
sizing  validation  issues.  In  conclusion,  a  synthesis 
of  the  current  understanding  of  the  control  surface 
problem  is  given  aimed  primarily  to  the  effects  of 
shock  boundary  layer  interactions  upon  control  ef¬ 
fectiveness  and  heating. 

2  OVERVIEW  OF  THE  FUNDAMENTAL 
ASPECTS  OF  THE  PROBLEM 

2.1  Qualitative  description  of  the  phenomena 
With  reference  to  the  flat  plate  /  two-dimensional 


teunp  configucation  of  Fig.  3,  the  physics  of  the  inter¬ 
action  may  be  easily  understood.  First,  if  there  was 
no  boundary  layer  growing  on  the  flat  plate  ahead 
of  the  deflected  ramp,  and  the  freestream  velocity 
was  higher  than  the  local  speed  of  sound,  an  “in- 
viscid”  oblique  shock  would  form  at  the  hinge  line 
which  would  provide  (discontinuously)  the  appropri¬ 
ate  deflection  to  the  oncoming  supersonic  or  hyper¬ 
sonic  flow.  In  practice,  however,  there  is  a  bound¬ 
ary  layer  developing  along  the  flat  plate  which  in¬ 
volves  a  subsonic  part  close  to  the  wall.  Through  this 
subsonic  layer,  information  is  transmitted  upstream 
so  that  the  oncoming  flow  is  aware  of  the  deflected 
ramp  and  the  associated  pressure  rise  upstream  of 
the  hinge  line. 

For  moderate  reimp  deflection  angles,  the  subsonic 
part  of  the  boundary  layer  faces  a  continuous  pres¬ 
sure  rise  (starting  at  the  so-called  upstream  influence 
point),  which  causes  the  divergence  of  streamlines 
etnd  the  thickening  of  the  subsonic  sublayer.  This,  in 
turn,  causes  the  deflection  of  the  external  super-  or 
hypersonic  stream,  giving  rise  to  the  formation  of  a 
system  of  compression  waves  (with  varying  strength 
and  inclination  through  the  supersonic  part  of  the 
boundary  layer)  which,  eventually,  coalesce  into  a 
single  shock  wave  of  the  same  strength  as  the  in- 
viscid  shock.  Such  weak  interactions  are  contained 
within  a  small  region  near  the  hinge  line  of  the  order 
of  2-3  times  the  boundary  layer  thickness  [2). 

With  increasing  ramp  deflection  angle,  the  oncoming 
boundary  layer  faces  an  increasing  adverse  pressure 
gradient,  until  it  can  no  longer  withstand  it  and  sep¬ 
arates.  In  well  separated  cases,  the  upstream  influ¬ 
ence  of  the  deflected  ramp  is  markedly  augmented 
and  the  shock  structure  becomes  significantly  dis¬ 
tinct  from  the  inviscid  case.  The  recirculating  bubble 
that  forms  is  bounded  by  a  separation  and  a  reat¬ 
tachment  shock  (or  compression  fan)  which  merge 
into  a  single  shock  that,  eventually,  is  equivalent  to 
the  corresponding  inviscid  shock.  The  location  of  the 
separation  point  and  the  angle  of  the  separated  shear 
layer  (and  associated  shock  system)  are  fixed  so  that 
the  pressure  rise  through  separation  corresponds  to 
the  pressure  rise  required  for  incipient  separation  of 
the  oncoming  boundary  layer  at  the  local  conditions 
at  the  separation  point,  and  is  independent  of  the 
detailed  character  of  the  flow  downstream  and  of  the 
particular  agent  that  causes  the  pressure  rise  and 
the  interaction  as  a  whole.  This  behaviour  has  been 
termed,  after  [17]  “free  interaction”.  The  length  of 
the  separated  shear  layer  is  determined  so  as  to  be 
sufficiently  reenergized  for  overcoming  the  residual 
pressure  rise  through  reattachment. 

The  coalescence  of  the  separation  and  reattachment 
compressions  and/or  shocks  is  similar  to  the  invis¬ 
cid  double  wedge  problem  [18].  At  hypersonic  Mach 
numbers,  the  two-shock  compression  near  the  body 


surface  is  more  efficient  than  the  single  inviscid  shock 
compression,  yielding  at  the  intersection  of  the  sep¬ 
aration  and  reattachment  shocks  an  expansion  fan 
back  towards  the  ramp  surface  and  a  slipiine,  across 
which  an  important  entropy  jump  may  occur.  At  hy¬ 
personic  Mach  numbers,  the  shock  system  lies  very 
close  to  the  model  surface  and  may  be  contained,  to 
a  large  extent,  within  the  boundary  layer,  particu¬ 
larly  when  the  latter  is  a  thick  turbulent  one.  Down¬ 
stream  of  reattachment,  the  boundary  layer  thick¬ 
ness  reaches  a  local  minimum  in  the  so-called  neck 
region,  beyond  which  it  begins  to  grow  towards  a 
self-similar  form.  For  strong  interactions  with  exten¬ 
sive  separated  regions,  the  thinning  of  the  boundary 
layer  in  the  neck  region  may  be  so  important  that 
the  effective  origin  of  the  reattaching  boundary  layer 
may  be  safely  assumed  to  be  in  the  close  vicinity 
of  reattachment.  The  latter  statement  is  supported 
by  experimental  evidence  and  will  be  relevEuit  in  the 
development  of  peak  heating  prediction  tools  below. 

The  problem  of  the  interaction  between  separation 
and  reattachment  shocks  has  been  investigated  by 
inviscid  computations  over  double  wedge  configura¬ 
tions  in  [19],  where  the  first  wedge  is  aimed  to  rep¬ 
resent  the  dividing  streamline  of  the  separated  shear 
layer  and  the  second  wedge  the  deflected  control  sur¬ 
face,  Two  cases  are  depicted  in  Fig.  4  for  an  overall 
flow  deflection  of  40° .  The  configuration  with  a  30° 
angle  first  wedge  at  an  oncoming  Mach  number  of 
4.54  represents  a  tailored  situation  where  the  near- 
wall  compression  through  the  two-shock  system  is 
exactly  matched  by  the  single  shock  compression  of 
the  outer  flow.  As  a  result,  there  is  no  pressure  dif¬ 
ferential  across  the  slipline  emanating  from  the  coa¬ 
lescence  of  the  two  shocks  into  a  single  shock  and  no 
further  wave  systems  are  featured  downstream.  The 
slipline,  in  this  case,  is  parallel  to  the  second  wedge. 

On  the  contrary,  with  a  20°  angle  first  wedge  at 
Mach  8,  the  near-wall  two-shock  compression  yields 
a  higher  pressure  rise  than  the  single  shock  compres¬ 
sion  of  the  outer  flow.  Consequently,  an  expansion 
fan  emanates  from  the  shock  coalescence  point  to¬ 
wards  the  second  wedge,  where  it  reflects  also  as  an 
expansion.  When  the  reflected  expansion  reaches  the 
slipline,  it  is  partially  transmitted  through  as  an  ex¬ 
pansion  and  partially  reflected  back  towards  the  sec¬ 
ond  wedge  as  a  compression,  which  is  reflected  from 
the  wedge  also  as  a  compression,  and  so  on.  This 
system  of  expansion  and  compression  waves,  down¬ 
stream  of  the  coalescence  of  the  main  shocks,  causes 
the  slipline  to  be  curved,  initially  turning  away  from 
the  second  wedge  and  eventually,  after  some  oscilla^- 
tions,  parallel  to  it. 

The  pressure  and  Mach  number  distributions  corre¬ 
sponding  to  this  latter  case  are  also  shown  in  Fig. 
4,  along  the  inner  flow  region  near  the  wall,  as  well 
as  along  the  outer  flow  region  just  outside  the  zone 
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of  the  two-shock  compression  and  slipline.  The  in¬ 
fluence  of  the  curvature  of  the  slipline  2md  the  asso¬ 
ciated  compression/expansion  waves  downstream  of 
the  primuy  two-shock  (in  the  inner  flow  region)  or 
single-shock  (in  the  outer  flow  region)  compressions 
is  clearly  illustrated. 

It  should  be  noted  that,  at  lower  Mach  numbers,  situ¬ 
ations  may  arise  where  the  near-wall  two-shock  com¬ 
pression  gives  a  lower  pressure  rise  than  the  outer 
flow  single  shock  compression,  whereby  a  compres¬ 
sion  wave  forms  at  the  coalescence  of  the  two  near- 
W2dl  shocks  towards  the  deflected  wedge  to  further 
compress  the  near-wall  flowfleld. 

Fin2dly,  the  complexity  that  may  arise  in  regions 
of  shock  wave  boundary  layer  interaction  over  rel¬ 
atively  simple  configurations  and  the  associated  sys¬ 
tems  of  compressions  and  expansions  is  illustrated  in 
the  combined  oil  flow  /  schlieren  photograph  of  Fig. 
5  [20].  In  particular,  the  highly  three-dimensional 
character  of  the  separation  with  its  large  extent  on 
the  leeward  side,  the  interaction  between  the  bow 
shock  and  the  flare  shock  on  the  windward  side,  and 
the  interaction  between  the  expansion  and  the  flare 
shock  towards  the  b2ise  of  the  configuration  are  noted. 

2.2  Relevant  parameters  and  trends 
The  relevant  pareimeters  for  shock  wave  boundary 
layer  interactions  have  been  identified  [2-14]  as  the 
Mach  and  Reynolds  number  of  the  undisturbed  on¬ 
coming  flow,  the  strength  of  the  interaction  (i.e.  the 
magnitude  of  the  overall  pressure  rise)  and  the  na¬ 
ture  of  the  disturbance  that  causes  it,  some  measure 
of  the  thickness  and  status  (laminar  or  turbulent) 
of  the  undisturbed  boundary  layer,  and  the  wall-io- 
total  temperature  ratio.  In  ceises  where  the  shock 
generator  has  a  finite  length  scale,  this  is  imposed  as 
an  additional  parameter.  For  dimensionless  and  in¬ 
finite  interactions  (after  the  classification  of  [8]),  the 
boundary  layer  thickness  at  the  onset  of  the  interac¬ 
tion  is  the  only  length  scale  appropriate  for  scaling 
the  geometric  characteristics  of  the  interaction. 

In  general,  for  a  laminar  or  moderate  Reynolds  num¬ 
ber  turbulent  flow,  low  Mach  number,  high  Reynolds 
number  and  high  wall-to-total  temperature  ratio  im¬ 
ply  a  greater  upstream  influence  of  the  shock  wave 
boundary  layer  interaction,  and  less  resistance  to 
sepatration  (or  larger  extent  of  the  separated  region) 
for  a  given  ramp  deflection  angle.  It  is  reported, 
however,  that  with  high  Reynolds  turbulent  oncom¬ 
ing  flows  the  effect  of  increasing  Reynolds  number 
is  reversed  resulting  in  a  decrease  of  the  extent  of 
separation  [5,11]. 

Clearly,  laminar  boundary  layers  are  more  prone  to 
separation  and,  hence,  give  rise  to  more  extensive 
separation  in  regions  of  shock  wave  boundary  layer 
interaction  than  turbulent  boundary  layers.  In  other 
words,  smaller  interaction  strengths  are  necessary  to 


separate  a  laminar  boundary  layer  and,  once  sepa¬ 
rated,  the  pressure  rise  at  separation  of  a  laminar 
boundary  layer  is  lower  than  that  at  separation  of 
a  turbulent  boundary  layer  (section  3).  In  cases  of 
transitional  interactions,  of  course,  the  extent  of  the 
interaction  decreases  with  Reynolds  number  as  the 
interaction  passes  from  an  extensive  laminar  one  to 
turbulent. 

Intuitively,  three-dimensionality  must  have  a  reliev¬ 
ing  effect  on  the  interaction.  This  is,  indeed,  the 
case  found  in  [21],  where  swept  ramp  configurations 
were  investigated  with  the  ramp  deflection  angle  nor¬ 
mal  to  the  hinge  line  maintained  constant;  the  ef¬ 
fect  of  sweeping  back  the  hinge  line  was,  then,  to 
reduce  the  strength  of  the  interaction  and,  as  a  re¬ 
sult,  its  streamwise  extent  (section  3,  Figs.  11  and 
16).  In  the  investigations  of  [22,23],  however,  three- 
dimensional  effects  were  studied  with  constant  inter¬ 
action  strength  configurations  (with  a  constant  over¬ 
all  pressure  rise).  Here,  three-dimensionality  had  no 
relieving  effect  on  the  strength  of  the  interaction,  and 
sweeping  back  was  found  to  have  an  adverse  influence 
in  the  extent  of  the  interaction  [22]  (Fig.  9)  or  no  in¬ 
fluence  at  all  [23].  Noting  the  remarks  of  [9]  that  the 
relevant  Mach  number  is  given  by  the  component 
normal  to  the  foot  of  the  inviscid  shock  and,  after 
[21],  more  appropriately  by  the  component  normal 
to  the  upstream  influence  line,  it  is  difficult  to  assess 
the  effect  of  sweeping  back  in  [22,23]  in  the  absence  of 
data  indicating  the  sweep  of  this  upstream  influence 
line.  It  is  plausible,  however,  that  in  the  case  of  [22] 
the  upstream  influence  line  was  increasingly  swept 
back,  so  that  the  relevant  Mach  number  normal  to  it 
was  reduced  with  increasing  sweep,  thus  causing  an 
increase  in  the  extent  of  the  interaction.  Conversely, 
the  upstream  influence  line  in  [23]  could  be  less  af¬ 
fected  by  the  sweep  of  the  shock  generator,  in  which 
case  no  influence  should  be  expected  in  the  extent  of 
the  interaction  since  its  overall  strength  was  main¬ 
tained  constant  as  well  as  all  relevant  parameters  at 
its  onset. 

2.3  Incipient  separation 

A  number  of  incipient  separation  criteria  have  been 
proposed  for  shock  wave  boundary  layer  interactions. 
However,  there  remains  a  debate  as  to  the  definition 
of  incipient  separation,  and  widely  different  experi¬ 
mental  results  have  been  obtained  with  different  in¬ 
cipient  separation  observation  techniques  [11,24,25]. 
Specifically,  it  is  pointed  out  in  [11]  that  a  small  sep¬ 
aration  region  may  be  almost  always  present  near  the 
hinge  line  of  a  deflected  rarnp,  even  with  very  '.veak 
interaction  strengths.  Consequently,  a  number  of  at¬ 
tempts  have  been  made  in  the  literature  to  more  pre¬ 
cisely  define  incipient  separation  which  have,  effec¬ 
tively,  led  to  various  distinctions  and  classifications. 
A  first  distinction  is  made  between  true  and  effective 
incipient  separation,  whereby  the  former  corresponds 
to  the  hardly  detectable,  very  small  separation  near 


the  hinge  line  that  W2is  referred  to  above.  Effective 
separation,  on  the  other  hand,  is  the  one  of  interest 
in  practical  applications,  and  this  may  be  classified 
as  small  scale  or  large  scale.  Only  the  latter  gives  rise 
to  a  significant  liftoff  of  the  boundary  layer  and  the 
formation  of  a  pressure  plateau  within  the  separated 
region  (section  3.1),  hence,  being  easily  detectable 
and  of  significance  to  engineering  applications. 

Free  interaction  theory  [11,17]  yields  for  the  pressure 
distribution  within  the  free  interaction  region  over  a 
two-dimensional  adiabatic  wall  compression  ramp. 
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where  F(-='^-«-)  is  a  universal  function  independent 
of  the  Mach  and  Reynolds  numbers.  Experiments 
have  shown  that  the  function  F  at  the  separation 
point  takes  values  of  0.81  to  1  for  laminsu  and  4.22  for 
turbulent  boundary  layers.  At  the  pressure  plateau, 
that  forms  over  well  separated  regions  (section  3.1), 
F  takes  values  between  1.47  ^md  1.8  for  laminar  auid 
6  for  turbulent  boundary  layers  [5,11,26,27].  It  is 
pointed  out  in  [11]  that  an  overall  pressure  rise  corre¬ 
sponding  to  the  pressure  rise  to  the  separation  point 
in  a  well  separated  case  (given  by  eq.  (1))  suffices 
to  cause  true  incipient  separation.  For  effective  in¬ 
cipient  separation,  however,  an  overall  pressure  cor¬ 
responding  to  the  plateau  pressure  rise  of  well  sepa¬ 
rated  cases  is  necessary.  The  latter  criterion,  in  turn, 
is  thought  to  correspond  to  small  scale  effective  in¬ 
cipient  separation  and  is  largely  conservative  partic  i- 
larly  at  high  Mach  numbers  and  cold  wall  conditions 
[26].  An  alternative  criterion  has,  therefore,  been 
proposed  in  [14,26]  for  laminsu  large  scale  incipient 
separation  at  hypersonic  flow  conditions, 


the  overall  pressure  rise  required  for  incipient  sepa¬ 
ration  (and,  hence,  the  required  component  of  the 
Mach  number  normal  to  the  shock  plane)  is  increas¬ 
ing. 

This  two-dimensional  approach  has  been  extended 
to  three-dimensional  interactions,  making  use  of  the 
Mach  number  component  in  the  plane  of  the  petrent 
body  normal  to  the  footprint  of  the  shock  [8,9,28]. 
For  a  flat  plate  /  sharp  unswept  fin  (glancing  shock) 
interaction,  the  aforementioned  criterion  yields  for 
incipient  separation  of  a  turbulent  boundary  layer  a 
Mach  number  normal  to  the  plauie  of  the  shock  of 
1.2- 1.3,  which  is  consistent  with  the  small  scale  in¬ 
cipient  separation  experimental  data  of  [28,29].  If 
the  shock  is  not  normal  to  the  parent  body  (in  ei¬ 
ther  two-  or  three-dimensional  interactions,  i.e,  in 
swept  or  unswept  compression  ramp  configurations 
as  opposed  to  2D  normal  or  glancing  shock  interac¬ 
tions),  the  criterion  baised  on  eq.  (3)  indicates  that 
small  scale  incipient  separation  will  occur  at  a  higher 
Mach  number  normal  to  the  shock  foot  and,  hence, 
will  demand  a  higher  pressure  rise  and  a  higher  Mach 
number  normal  to  the  shock  plane.  In  other  words,  a 
ramp  interaction  is  more  resistant  to  separation  than 
a  normal  or  glancing  shock  interaction  as  this  has 
been  experimentally  demonstrated  in  [28,29].  Sim¬ 
ilar  observations  are  also  discussed  in  the  extensive 
Russian  literature  available  on  shock  wave  boundary 
layer  interactions  [30]. 

It  is  finally  noted  that  the  bulk  of  incipient  separa¬ 
tion  criteria  available  in  the  literature,  including  the 
ones  discussed  above,  refer  to  boundary  layers  grow¬ 
ing  on  flat  plates  (i.e.  the  parent  body  is  a  flat  plate), 
and  care  must  be  taken  when  extrapolating  this  type 
of  results  to  actual  flight  configurations  [31]. 
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where  aj  is  measured  in  degrees  and  x  is  the  hy¬ 
personic  viscous  interakction  parameter.  This  result, 
together  with  a  similar  correlation  for  turbulent  in¬ 
cipient  separation,  is  depicted  in  Fig.  6. 

Substituting  in  eq.  (1)  the  perfect  gas  (7  =  1.4) 
relation  for  the  pressure  coefficient, 

hM^8in^e~\  fx-Xn.i.\ 

’’~3  Mi  ~  \  L  )  (Mi  -  \yl* 

(3) 

it  is  found  that,  with  a  normal  shock  and  sinO  =  1 
(e.g.  on  the  suction  side  of  a  transonic  airfoil),  small 
scale  incipient  sepsuration  is  attained  with  an  oncom¬ 
ing  Mach  number  of  just  over  1  for  a  laminar  bound¬ 
ary  layer  and  a  Mach  number  of  approximately  1.25 
for  a  turbulent  boundary  layer  (assuming  a  Reynolds 
number  of  10*).  These  results  are  consistent  with  the 
experimental  observations  of  [9,28].  At  higher  Mach 
numbers,  the  incipient  separation  shock  angle,  is 
decieEksing  with  increasing  Mach  number,  although 


3  GLOBAL  SURFACE  DISTRIBUTIONS  IN 
REGIONS  OF  SHOCK  WAVE  BOUNDARY 
LAYER  INTERACTION 

3.1  General 

Typical  distributions  of  surface  pressure,  skin  friction 
and  heat  transfer  over  a  flat  plate  /  two-dimensional 
compression  ramp  shock  boundary  layer  interaction 
at  hypersonic  Mach  numbers  are  shown  in  Fig.  7  for 
a  fully  laminar  interaction  [32]  (Mrich  14.1,  Rci,  = 
105,000),  and  in  Fig.  8  for  a  fully  turbulent  inter¬ 
action  [33]  (Mach  8.6,  Re^,  =  22.5  x  10®),  for  unsep¬ 
arated,  incipient  separaced  and  well  separated  flow 
situations. 

In  both  laminar  and  turbulent  well  separated  cases, 
maximum  pressure  gradients  correspond  to  the  sepa¬ 
ration  and  reattachment  points.  Clearly,  the  laminar 
boundary  layer  is  more  prone  to  separation  amd  the 
pressure  rise  to  the  plateau  (that  forms  in  well  sepa¬ 
rated  cases  over  the  separated  region)  is  lower  than 
in  the  turbulent  case.  At  the  downstream  end  of 
the  reattachment  compression,  in  the  laminar  well 
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separated  case  of  Fig.  7,  a  significant  pressure  over¬ 
shoot  is  observed  before  the  pressure  field  relaxes  to 
the  inviscid  pressure  level.  This  is  due  to  the  near¬ 
wall  two-shock  (separation  and  reattachment  shock) 
compression  that  was  diccussed  in  section  2.1  to  yield 
a  higher  pressure  rise  than  the  single  inviscid  shuck 
compression  at  hypersonic  Mach  numbers.  Although 
a  pronounced  pressure  overshoot  is  not  seen  in  the 
turbulent  data  of  Fig.  8,  this  has  been  also  observed 
in  hypersonic  turbulent  interactions  with  significant 
separation  [34,35].  Besides  the  importance  of  the 
pressure  distribution  upon  control  effectiveness  (sec¬ 
tion  3.2),  the  presence  of  a  significant  pressure  over¬ 
shoot  downstream  of  reattachment  may  become  crit¬ 
ical  because  of  its  implications  on  the  heating  of  the 
deflected  control  surface  (section  3.3).  Lzistly,  similar 
to  the  pressure  overshoot,  the  formation  of  a  distinct 
pressure  plateau  over  the  separated  region  requires  a 
significant  separation;  in  cases  of  small  scale  separa¬ 
tion,  a  continuous  pressure  rise  or  a  kink  is  observed 

With  reference  to  Fig.  7,  the  skin  friction  coefficient 
is  seen  to  decrease  within  the  laminar  interaction  re¬ 
gion,  and  in  the  separated  cases  takes  negative  values 
before  it  rises  sharply  on  the  deflected  ramp  through 
reattachment  towards  a  maocimum  in  the  boundary 
layer  neck  region.  Within  the  separated  zone,  the 
magnitude  of  the  negative  skin  friction  coefficient  re¬ 
mains  close  to  zero  upstream  of  the  hinge  line  but  at¬ 
tains  high  (negative)  values  downstream  of  the  hinge. 
A  similar  behaviour  is  observed  in  fully  turbulent  in¬ 
teractions. 

Concerning  the  heat  transfer  distributions  in  Figs.  7 
and  8  for  the  laminar  and  turbulent  separated  cases, 
they  differ  within  the  separated  region  insofar  as 
the  laminar  distributions  exhibit  a  drop  in  the  heat 
transfer  coefficient,  whereas  the  turbulent  distribu¬ 
tions  show  a  rise  to  a  plateau  level  or  kink  (depending 
on  the  extent  of  the  separation).  Downstream,  the 
heat  transfer  rises  through  reattachment  to  a  peak 
level  in  the  boundary  layer  neck  region.  The  high 
heating  level  is  clearly  associated  with  the  high  lo¬ 
cal  pressure  and  the  thinning  of  the  boundary  layer 
caused  by  the  interaction.  In  cases  of  transitional  in- 
tereuitions,  where  laminar-turbulent  transition  is  pro¬ 
moted  by  the  reattachment  process  (section  3.3),  a 
further  rise  of  the  ramp  heating  from  the  laminar  to 
the  turbulent  level  is  bound  to  occur. 

3.2  Surface  pressure  distributions 
The  pressure  distributions  measured  over  the  adia¬ 
batic  wall  interaction  region  with  flat  plate  /  swept  or 
unswept  compression  ramp  configurations  at  Mach 
2.95  (Re/,  =  18.7  x  10®)  in  [22]  are  illustrated  in  Fig. 
9.  The  overall  interaction  strength  in  these  exper¬ 
iments  was  maintained  constant  and  the  oncoming 
boundary  layer  was  turbulent.  It  is  seen  that  sweep¬ 
ing  the  deflected  ramp  beyond  10“  is  causing  an  in¬ 
crease  in  the  upstream  influence  of  the  interaction 


which  is  in  contradiction  with  the  findings  of  [23],  as 
discussed  in  section  2.2. 


Furthermore,  contrasting  Fig.  9  with  Fig.  8,  it  is 
clear  that  a  much  lower  ramp  deflection  angle  and 
overall  pressure  rise  is  neres.sary  to  cause  significant 
separation  of  a  turbulent  oncoming  boundary  layer 
at  low  Mach  number  than  at  high  Mach  number.  It  is 
also  noted  that  with  increasing  Mach  number  and/or 
ramp  deflection  angle  in  well  separated  cases,  an  in¬ 
creasingly  lower  proportion  of  the  increasing  overall 
pressure  rise  is  taken  through  separation  and  an  in¬ 
creasingly  higher  proportion  is  left  for  the  reattach- 
ment  compression  in  accordance  with  the  free  inter¬ 
action  concept. 

Typical  pressure  distributions  over  flat  plate  /  two- 
dimensional  ramp  configurations  measured  at  Mach 
14  with  Rer,  =  1.8  x  10®  [21]  are  shown  in  Fig.  10. 
Upstream  of  the  onset  of  the  interaction,  the  pres¬ 
sure  field  is  determined  by  the  angle  of  attack  of  the 
configuration,  the  bluntness  of  the  nose  and/or  lead¬ 
ing  edge  and  viscous  interaction  due  to  the  growth  of 
the  boundary  layer,  In  the  case  of  Fig.  10,  the  angle 
of  attack  was  zero.  The  undisturbed  flat  plate  pres¬ 
sure  distribution  is,  therefore,  well  predicted  by  the 
superposition  of  the  viscous  interaction  and  (mod¬ 
erate)  leading  edge  bluntness  effects  (typical  leading 
edge  thickness  was  55  pm  ±  5  pm).  For  a  weak 
viscous  interaction  over  a  cold  wall,  representative 
of  the  experiments  in  Fig.  10,  the  contribution  to 
the  flat  plate  pressure  field  is  given  after  [36]  for  a 
Prandtl  number  of  0.725  by, 


^  =  1-1- 0,578 

Poo 


7(7-  I) 
4 


I  +  3.35^ 
0 


Following  the  discussion  in  [37],  the  hypersonic  vis¬ 
cous  interaction  parameter,  x  is  more  appropriately 
defined  at  a  reference  temperature  (e.g.  Eckert’s  ref¬ 
erence  temperature  [38]).  The  leading  edge  blunt¬ 
ness  effect  may  be  approximated  by  blast  wave  the¬ 
ory  which,  after  [39],  yields. 
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for  7=1.4.  The  leading  edge  drag  coefficient,  cd,n 
depends  on  the  shape  of  the  leading  edge;  for  a  cylin¬ 
drical  leading  edge  it  takes  a  value  of  4/3,  and  for  a 
square  leading  edge  a  value  of  1.8  [37]. 

The  plateau  pressure  level,  attained  within  the  ex¬ 
tensive  separation  region,  is  predicted  on  the  basis 
of  free  interaction  theory  from  the  flow  properties  at 
the  onset  of  the  interaction.  At  high  Mach  numbers 
and  cold  wall  conditions,  the  following  expression  has 
been  proposed  in  [5]  instead  of  eq.  (1): 
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On  the  deflected  ramp,  fat  downstream  from  the  in¬ 
teraction,  the  inviscid  ramp  pressure  level  is  attained 
as  given  by  oblique  shock  relations  [40]  on  the  as¬ 
sumption  of  a  single  shock  compression.  Following 
the  discussion  in  section  2.1,  however,  on  the  interac¬ 
tion  between  the  separation  and  reattachment  com¬ 
pressions  (and,  possibly,  also  with  the  nose/ieading 
edge  shock),  a  pressure  overshoot  is  observed  in  this 
high  Mach  case  at  the  end  of  the  reattachment  com¬ 
pression.  For  the  particular  cases  of  Fig.  10,  which 
are  characterized  by  relatively  distinct  and  sharp  sep- 
tiration  and  reattachment  shocks,  the  assumption  of 
a  quasi-inviscid,  two-shock  near-wall  compression  pro¬ 
vides  a  good  approximation  to  the  measured  pressure 
peaks*. 

Similar  comparisons  of  pressure  distributions  collected 
in  the  VKI  Longshot  tunnel  at  Mach  14  [21]  but  over 
flat  plate  /  swept  compression  ramp  (as  well  as  2D 
reimp)  configurations  are  shown  in  Fig.  11.  The  data 
are  plotted  against  distance  from  the  ramp  hinge  line 
at  selected  spanwise  locations  where  the  distance  be¬ 
tween  the  model  leading  edge  and  the  ramp  hinge 
line  is  approximately  200  mm.  The  results  show,  in 
accordance  with  the  discussion  in  section  2.2,  that 
the  extent  of  the  interaction  is  reduced  with  increas¬ 
ing  three-dimensionality  which  is  equivalent  to  a  de- 
cre2ising  overall  pressure  rise  or  effective  streamwise 
flow  ucflection  angle  fn^te  that  in  these  experiments 
the  ramp  angle  normal  to  the  hinge  line  was  main¬ 
tained  constant  at  15°  as  the  sweep  angle  was  in¬ 
creased  from  0°  to  30°  to  60°).  It  is  also  noted  that 
the  upstream  influence  line  in  this  set  of  experiments 
remained  nearly  parallel  to  the  model  leading  edge, 
independent  of  the  sweep  of  the  hinge  line,  which 
simplified  the  prediction  of  the  plateau  pressure  in 
the  sense  that  the  streamwise  component  of  the  Mach 
number  was  the  relevant  parameter  in  all  cases. 

Concerning  the  influence  of  shock  wave  boundary 
layer  interaction  on  the  pressure  distribution  and  its 
implications  upon  control  effectiveness,  the  primary 
effect  is  that  of  a  stretching  of  the  ramp  induced 
pressure  rise  relative  to  the  inviscid  case  (Fig.  12a). 
Since  control  effectiveness  is  a  function  of  the  inte¬ 
grated  pressure  field  times  distance  from  the  center 
of  gravity,  the  effects  of  the  interaction  are  not  evi¬ 
dent.  If  the  control  surface  and  the  interaction  are  a 
sufficiently  large  distance  from  the  center  of  gravity, 
then  the  effect  of  the  interaction  is  well  approximated 
by  the  difference  between  the  dotted  areas  and  the 
hatched  areas  of  the  schematic  in  Fig.  12a.  If  the 
dotted  area  is  larger,  then  the  interaction  yields  a 
loss  in  control  effectiveness;  if  it  is  smaller,  then  the 
interaction  is  beneficial  to  control  effectiveness.  Also, 


*  It  is  noted  that  in  cases  with  thick  oncoming  bound¬ 
ary  layers,  the  interaction  may  be  characterized  by  a 
continuous  ne2ir-isentropic  compression  rather  than 
a  distinct  two-shock  system. 


in  the  case  where  the  coalescence  of  the  separation 
and  reattachment  shocks  yields  a  pressure  overshoot 
(at  high  Mach  numbers)  there  is  a  further  gain  due 
to  the  interaction  in  control  effectiveness,  relative  to 
the  case  where  the  two-shock  compression  is  “tai¬ 
lored”  yielding  the  same  overall  pressur*-  rise  as  the 
outer  flow  inviscid  shock. 

Of  course,  the  above  assumes  that  the  deflected  con¬ 
trol  surface  is  sufficiently  long  to  allow  for  a  full  pres¬ 
sure  recovery,  and  that  the  oncoming  boundtwy  layer 
is  thin  so  that  distinct  separation  and  reattachment 
compressions  form.  Also,  the  interaction  of  the  con¬ 
trol  surface  compression  with  any  forebody  shocks  is 
neglected.  A  schematic  illustration  of  the  effects  of 
a  thick  oncoming  boundary  layer  and  of  the  afore¬ 
mentioned  shock/shock  interaction  that  may  occur 
at  the  coalescence  of  the  control  surface  compression 
and  a  forebody  shock  is  given  in  Fig.  12b  after  [31] 
as  a  plot  of  the  actual  pressure  recovery  along  the 
deflected  ramp  normalized  by  the  near-wall  inviscid 
pressure  recovery  (in  the  absence  of  the  expansion 
fan  caused  by  the  coalescence  of  the  forebody  and 
ramp  shock  systems).  The  effect  of  the  interaction 
between  the  separation  and  reattachment  shocks  is 
neglected  in  this  case.  Clearly,  thick  boundary  lay¬ 
ers  cause  a  longer  extent  of  the  interaction  by  virtue 
of  viscous  interaction,  even  in  the  absence  of  exten¬ 
sive  separation,  and  possibly  a  loss  in  pressure  re¬ 
covery  due  to  the  modification  of  the  effective  body 
shape.  The  expansion  fan  caused  by  the  interaction 
of  the  forebody  and  control  surface  shocks  (at  high 
freestream  Mach  numbers)  is  detrimental  by  effec¬ 
tively  decreasing  the  pressure  recovery  to  or  below 
the  level  of  the  pressure  rise  through  a  single  inviscid 
shock  at  freestream  conditions.  Control  effectiveness 
issues  will  be  further  addressed  in  section  5.1  with 
the  aid  of  computational  data. 

Lastly,  the  effect  of  leading  edge  bluntness  on  the 
pressure  distribution  over  flat  plate  /  two-dimensional 
ramp  configurations  is  illustrated  in  Fig.  13  after  [41] 
(Mach  10,  Ret  =  2.1  x  10®).  The  pressure  increase 
upstream  of  the  interaction  resulting  from  increasing 
leading  edge  bluntness  is  noted,  and  also  the  reduc¬ 
tion  in  upstream  influence  of  the  interaction  due  to 
the  entropy  layer.  The  flat  plate  pressure  distribu¬ 
tion  upstream  of  the  interaction  is  well  predicted  by 
the  weak  viscous  intreaction  eq.  (4)  for  the  sharp 
leading  edge  case,  and  by  the  blast  wave  eq.  (5)  for 
the  two  blunt  leading  edges,  noting  that  viscous  in¬ 
teraction  effects  are  negligible  in  the  two  blunt  lead¬ 
ing  edge  cases.  The  plateau  pressure  is  well  pre¬ 
dicted  by  eq.  (6)  for  the  sharp  leading  edge  case,  but 
no  predictions  were  made  for  the  blunt  leading  edge 
cases  because  the  effect  of  the  entropy  layer  upon  the 
boundary  layer  edge  conditions  was  not  estimated. 
Concerning  the  pressure  recovery  on  the  deflected 
ramp,  a  severe  loss  i®  <^etorted  relative  to  the  invis¬ 
cid  single  shock  compression  (from  freestream  con- 
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ditions)  and  relative  to  the  pressure  overshoot  found 
with  the  sharp  leading  edge.  Clearly,  the  significant 
entropy  layer  in  the  blunt  leading  edge  cases  of  [41] 
has  a  strong  relieving  effect  upon  the  strength  of  the 
interaction  (largely  due  to  the  resulting  transverse 
Mach  number  gradient),  which  is  associated  with  a 
loss  in  control  effectiveness  and  reduced  heating  lev¬ 
els  as  will  be  seen  in  section  3.3. 


3.3  Surface  heat  transfer  distributions 
The  heat  transfer  distributions  corresponding  to  the 
Men:h  14  flat  plate  /  two-dimensional  ramp  pressure 
data  of  Fig.  10  are  shown  in  Fig.  14  for  ramp  deflec¬ 
tion  tingles  of  0®,  15®  and  25®  [21].  The  theoretical 
predictions  are  based  on  the  application  of  the  refer¬ 
ence  temperature  concept  [38]  to  the  incompressible 
zero  pressure  gradient  boundary  layer  solution.  The 
generalized  result  for  any  boundary  layer  edge  con¬ 
ditions,  following  the  development  in  [21,42],  is 
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where  n  =  0.5,  A  =  0.332  and  s  =  for  a  lam¬ 
inar  boundary  layer,  and  n  =  0.2,  A  =  0.0296  and 
s  =  1  for  a  turbulent  boundary  layer  at  high  Mach 
numbers.  It  is  also  noted  in  [36]  that  in  hypersonic 
cold  wall  cases,  pressure  gradient  has  a  secondary 
effect  on  the  heat  transfer  distribution,  and  so  eq. 
(7)  may  be  applied  to  non-zero  pressure  gradient  at¬ 
tached  flow  situations  provided  that  the  local  pres¬ 
sure  field  (induced  either  by  viscous  interaction  and 
leading  edge  bluntness  upstream  of  the  interaction  or 
by  the  ramp  compression  downstream  of  the  interac¬ 
tion)  is  accounted  for  in  the  pressure  ratio  term. 


photographs  and  high  frequency  surface  temperature¬ 
time  data,  both  of  which  indicate  [21]  that  laminar- 
turbulent  transition  is  very  effectively  promoted  by 
tha  interaction  and,  particularly,  the  reattachment 
process.  Similar  results  on  the  promotion  of  tran¬ 
sition  have  been  found  by  many  other  investigators 
such  as  [41,43,44].  It  is  also  noted  that  the  effective 
transition  of  the  boundary  layer  through  reatiach- 
ment  further  justifies  the  location  of  the  virtual  ori¬ 
gin  of  the  turbulent  reattaching  boundary  layer  in 
the  close  vicinity  of  the  reattachment  point. 

In  order  to  achieve  a  fully  laminar  interaction  at 
Mach  14,  experiments  were  performed  in  [21]  at  the 
minimum  operational  unit  Reynolds  number  of  the 
tunnel  (Reunii  =  6.5  x  10®/m)  and  with  the  hinge 
line  of  the  deflected  ramp  shifted  upstream  to  70 
mm  from  the  leading  edge  (as  opposed  to  200  mm 
in  the  case  of  Figs.  10  and  14).  It  is  seen  from  the 
heat  transfer  distributions  of  Fig.  15  that  reducing 
the  unit  Reynolds  number  alone  was  not  sufficient 
for  a  fully  laminar  interaction.  However,  the  cen¬ 
terline  heat  transfer  distribution  with  the  forward 
two-dimensional  ramp  configuration  shows  a  laminar 
reattachment  with  tr2msition  occurring  a  significant 
distance  downstream  on  the  ramp.  This  behaviour  is 
also  consistent  with  schlieren  observations  and  fast 
response  surface  temperature  signals  [21]. 

With  respect  to  the  theoretical  reference  tempera¬ 
ture  predictions  of  Fig.  15,  again  the  virtual  origin 
of  the  reattaching  boundary  layer  has  been  taken  at 
reattachment  to  account  for  its  thinning  through  the 
strong  interaction.  It  is  noted  that  if  the  origin  had 
been  assumed  at  the  leading  edge  of  the  flat  plate, 
the  laminar  peak  heating  at  the  end  of  the  forward 
ramp  reattachment  compression  would  have  been  un¬ 
derpredicted  by  approximately  a  factor  of  3. 


With  reference  to  Fig.  14,  the  success  of  the  reference 
temperature  method  in  predicting  the  heat  transfer 
distribution  over  the  attached  flow  regions  upstream 
and  downstream  of  the  interaction  is  noted.  Further¬ 
more,  a  substantial  improvement  of  the  prediction 
quality  over  the  deflected  ramp  is  observed  when  the 
actual  ramp  pressure  distribution  of  Fig.  10  is  ac¬ 
counted  for  rather  than  being  approximated  by  the 
inviscid  ramp  pressure.  It  is  also  noted  that,  whereas 
for  the  flat  plate  predictions  the  origin  of  the  lami¬ 
nar  boundary  layer  is  taken  at  the  leading  edge  of  the 
model,  the  ramp  predictions  assume  a  virtual  origin 
of  the  reattaching  boundary  layer  at  the  reattach¬ 
ment  point.  This  is  done  to  account  for  the  severe 
thinning  of  the  boundary  layer  caused  by  the  strong 
interaction  and  the  turning/compression  of  the  flow. 

Moreover,  the  comparisons  in  Fig.  14  indicate  that, 
although  the  boundary  layer  upstream  of  the  interac¬ 
tion  is  laminar,  turbulent  heating  levels  are  attained 
on  the  deflected  ramp  downstream  of  reattachment. 
This  observation  is  fully  consistent  with  schlieren 


The  heat  transfer  data  over  the  two-dimensional  ramp 
configurations  of  Fig.  14  are  compared  to  swept 
ramp  data  in  Fig.  16  (Ret  =  2.5  x  10®),  in  a  similar 
manner  as  the  pressure  distributions  in  Fig.  11.  Not 
only  the  relieving  (in  terms  of  streamwise  extent) 
effect  of  three-dimensionality  is  illustrated  in  consis¬ 
tence  with  Fig.  11,  but  it  is  also  noted  that  with 
increasing  sweep  (and,  therefore,  decreasing  interac¬ 
tion  strength)  the  effectiveness  of  the  interaction  in 
promoting  laminan-turbulent  transition  is  reduced. 
In  particular,  the  60®  swept  ramp  data  remain  below 
the  turbulent  ramp  heating  level  but,  nevertheless, 
higher  than  the  laminar  predictions,  thus  indicating 
a  long  ineffective  transition  process  that  is  not  com¬ 
pleted  within  the  measurement  domain. 

Similar  experiments  with  flat  plate/swept  and  unswept 
compression  ramp  configurations  have  been  performed 
at  Mach  6  and  the  results  are  reported  in  [21,43]. 
In  all  cases  with  a  nominally  sharp  leading  edge, 
laminar-turbulent  transition  was  promoted  by  the 


interaction  and,  particularly,  by  the  reattachnieut 
compression,  as  illustrated  in  Figs.  17  and  18.  Simi¬ 
larly  to  the  Mach  14  experiments,  the  reference  tem¬ 
perature  method  was  very  successful  in  the  predic¬ 
tion  of  the  heat  transfer  distribution  in  the  attached 
flow  regions  both  upstream  and  downstream  of  the 
interaction. 

In  these  studies,  the  effects  of  moderate  leading  edge 
bluntness  were  also  examined.  With  reference  to  Fig. 
19,  it  is  noted  that  moderate  leading  edge  bluntness 
has  a  retarding  effect  on  the  laminar-turbulent  tran¬ 
sition  process  in  the  reattachment  region,  but  yields 
a  greater  upstream  influence  and  larger  extent  of  the 
interaction.  The  latter  effect  is,  at  least  partially,  re¬ 
lated  to  the  more  laminar  character  of  the  flow  with 
the  blunter  leading  edges,  but  the  modest  entropy 
layer  of  the  oncoming  flow  may  also  play  a  role. 

The  effects  of  more  significant  leading  edge  bluntness 
have  been  examined  in  [41].  The  heat  transfer  distri¬ 
butions  corresponding  to  the  pressure  data  of  Fig.  13 
are  illustrated  in  Fig.  20.  Here,  contrary  to  the  data 
of  Fig.  19,  increasing  leading  edge  bluntness  is  found 
to  yield  a  reduction  in  the  upstream  influence  of  the 
interaction,  which  is  related  to  the  reduction  in  the 
strength  of  the  interaction  with  increasing  leading 
edge  bluntness  and  to  the  modification  of  the  effec¬ 
tive  Mach  and  Reynolds  numbers  of  the  undisturbed 
flow  caused  by  the  formation  of  a  significant  entropy 
layer.  The  reference  temperature  method  is  pr“dict- 
ing  well  the  laminar  flat  plate  heat  transfer  distribu¬ 
tions  upstream  of  the  onset  of  the  interaction,  when 
the  pressure  field  induced  by  viscous  interaction  and, 
especially,  by  the  leading  edge  bluntness  is  accounted 
for.  Furthermore,  comparison  of  the  measurements 
to  the  reference  temperature  predictions  on  the  de¬ 
flected  ramp,  accounting  for  the  mecisured  pressure 
distributions  of  Fig.  13,  indicates  that  the  reattach¬ 
ing  boundary  layer  is  turbulent  in  the  case  of  the 
sharp  leading  edge,  but  it  rcir.iins  laminar  in  the 
two  blunt  leading  edge  cases. 

It  is  also  noted  that  locating  the  virtual  origin  of 
the  (turbulent)  reattaching  boundary  layer  at  reat¬ 
tachment  yields  a  good  prediction  for  the  rai.’p  heat 
transfer  distribution  in  the  attached  flow  region  down¬ 
stream  of  reattachment  in  the  sharp  leading  edge 
case  of  Fig.  20.  This  is  consistent  with  the  thinning 
of  the  boundary  layer  through  the  strong  interaction 
(see  sharp  pressure  rise  in  Fig.  13),  and  also  with  the 
rapid  occurrence  of  laminar-turbulent  transition  in 
the  close  vicinity  of  reattachment.  In  the  two  blunt 
leading  edge  cases,  however,  it  is  seen  that  locat¬ 
ing  the  virtual  origin  of  the  (laminar)  reattaching 
boundary  layer  at  reattachment  yields  an  overpre¬ 
diction  of  the  ramp  heating  just  downstream  of  reat¬ 
tachment,  although  the  comparison  improves  further 
downstream.  A  main  reason  for  this  discrepancy  is 
believed  to  be  the  low  strength  of  the  interaction 


(see  respective  pressure  distributions  in  Fig.  13)  and 
the  consequent  overestimation  of  the  thinning  of  the 
reattaching  boundary  layer  by  the  location  of  its  vir¬ 
tual  origin  at  reattachment.  The  relevsince  of  the  lo¬ 
cation  of  the  virtual  origin  of  the  reattaching  bound¬ 
ary  layer  to  the  correct  prediction  of  peak  heating 
will  be  further  discussed  in  section  3.4. 

It  follows  from  the  preceding  discussion  that  the  most 
relevant  effect  of  shock  wave  boundary  layer  interac¬ 
tions  in  terms  of  heat  tran'^fer  is  the  high  heating 
levels  attained  on  the  deflected  control  surface.  Evi¬ 
dently,  the  high  heat  transfer  is  related  to  the  pres¬ 
sure  rise  and  the  thinning  of  the  boundary  layer  on 
the  control  surface  and,  in  some  cases,  to  the  promo¬ 
tion  of  laminar-turbulent  transition  by  the  adverse 
pressure  gradient  and  flow  concavity  that  character¬ 
ize  the  reattachment  region.  The  reference  tempera¬ 
ture  method  has  been  demonstrated  to  predict  well 
the  heat  transfer  distribution  over  attached  flow  re¬ 
gions,  provided  that  the  nature  of  the  boundary  layer 
is  known,  as  well  as  the  flow  conditions  at  its  edge 
and  the  location  of  its  virtual  origin.  Application 
of  the  method  may  be  extended  beyond  the  two- 
dimensional  zero  pressure  gradient  case  if  an  effec¬ 
tive  flow  direction  is  identified  and  the  local  pressure 
distribution  is  accounted  for.  More  comparisons  be¬ 
tween  experimental  data  and  reference  temperature 
predictions  are  provided  in  (43). 

It  should  be  further  noted  that  even  in  the  absence  of 
a  strong  shock  wave  boundary  layer  interaction  and 
any  extensive  separated  r  gions,  the  flow  over  the 
deflected  control  surface  would  still  undergo  a  pres¬ 
sure  rise  and  the  boundary  layer  would  be  thinned 
to  some  extent  and  also  encounter  the  destabilizing 
pressure  gradient  and  flow  concavity.  Consequently, 
it  should  be  borne  in  mind  that  significant  peak  heat¬ 
ing  levels  may  be  attained  on  deflected  controls  in 
attached  flow  situations  as  well. 

3.4  Peak  heating  correlations 
Due  to  the  importance  of  peak  heating  on  deflected 
control  surfaces  and,  generally,  in  regions  of  shock 
wave  boundary  layer  interaction  to  the  sizing  of  Ther¬ 
mal  Protection  Systems,  the  development  of  simple 
means  for  the  prediction  of  interaction-induced  heat¬ 
ing  rates  is  highly  desirable.  A  large  number  of  semi- 
empirical  correlations  has  been  developed  to  date, 
most  of  which  are  based  on  the  pressure  interaction 
concept  [45]  which  stems  from  the  generalized  refer¬ 
ence  temperature  result  of  eq.  (7).  The  general  form 
of  such  correlations  is. 


where  the  subscript  re/  denotes  the  undisturbed  value 
on  the  parent  body  in  the  absence  of  an  interaction 
(for  example,  over  a  flat  plate).  In  some  cases,  the 
measured  peak  pressure  ratio,  Ppt/pre/>  has  been  re¬ 
placed  for  simplicity  by  the  inviscid  pressure  ratio. 
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PsIPh  across  a  single  oblique  shock  (for  deflected 
control  surfaces). 


Typical  pressure  interaction  peak  heating  correla¬ 
tions  are  presented  in  [42].  For  laminar  flow,  the 
form 
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is  proposed,  and  for  fully  turbulent  interactions  (af¬ 
ter  [33,46], 


A  summary  of  various  correlations  of  this  type  is 
presented  in  [47].  A  major  finding  of  this  study, 
however,  has  been  that  different  investigators  have 
empiricaJly  determined  widely  different  values  of  the 
exponent  (1  —  n)  in  eq.  (8),  particularly  so  for  fully 
laminar  interactions.  In  fact,  for  fully  laminar  inter¬ 
actions,  appropriate  values  of  the  exponent  (1  —  n) 
are  reported  in  [47]  to  cover  the  range  0.7-1. 3;  but  for 
turbulent  interactions,  the  range  is  reduced  to  values 
between  0.7  and  0.85.  It  was,  therefore,  recisonable 
to  assume  that  the  aforementioned  discrepancies  in 
fully  laminar  interactions  were  largely  due  to  the  fact 
that  some  of  the  experimental  data  considered  were 
transition2d  (noting  the  discussion  in  section  3.3  on 
the  promotion  of  laminar-turbulent  transition  by  the 
interaction). 


Consequently,  a  similar  (pressure  interaction)  peak 
heating  correlation  was  developed  in  [48]  to  cover 
transitional  as  well  as  fully  laminar  interactions.  The 
result  is  illustrated  in  Fig.  21a  with  an  exponent 
(I  —  n)  of  1.13  and  a  constant  of  proportionality  of 
0.13  for  fully  laminar  interactions,  and  a  significant 
dependence  on  Reynolds  number  for  transitional  in¬ 
teractions.  However,  when  the  transitional  data  of 
[43]  were  plotted  in  the  form  of  Fig.  21a,  a  rather 
poor  comparison  was  found  (Fig.  21b). 

These  observations  led  to  a  reevaluation  of  the  pres¬ 
sure  interaction  concept  and  a  revision  of  peak  heat¬ 
ing  correlations  in  [21,43],  based  on  the  reference 
temperature  result  of  eq.  (7)  {as  were  the  previous 
pressure  interaction  correlations  given  by  eq.  (8)). 
In  addition,  however,  to  the  correct  knowledge  of 
the  pressure  level  and  the  nature  of  the  boundary 
layer,  account  was  taken  for  the  observation  made  in 
seC(.ion  3.3  that  the  heat  transfer  distribution  over 
the  deflected  ramp  is  well  predicted  by  the  refer¬ 
ence  temperature  theory  only  if  the  virtual  origin 
of  the  reattaching  boundary  layer  is  chosen  in  the 
close  vicinity  of  reattachment  so  as  to  account  for  the 
thinning  of  the  boundary  layer  that  occurs  through 
the  interaction.  It  is  noted  that  this  is  a  valid  as¬ 
sumption  for  strong  interaction  rases  exhibiting  se¬ 
vere  thinning  of  the  boundary  layer  and/or  the  oc¬ 
currence  of  laminar-turbulent  transition  in  the  close 
vicinity  of  reattachment.  Clearly,  in  weaker  interac¬ 
tions,  this  approach  assumes  an  excessive  thinning  of 


the  reattaching  boundary  layer  and,  therefore,  yields 
too  high  peak  heating  predictions,  as  has  been  illus¬ 
trated  by  the  data  of  Fig.  20,  and  by  the  comparison 
of  weak  interaction  experimental  data  from  [49]  over 
a  7.5°  ramp  at  Mach  6  with  Navier-Stokes  computa¬ 
tions  and  reference  temperature  predictions  in  [21]. 

In  fact,  application  of  eq.  (7)  to  a  reference  bound¬ 
ary  layer  (typically  taken  as  one  over  a  flat  plate  at 
zero  incidence  with  freestream  edge  conditions,  or 
the  one  developing  on  the  parent  body  without  flap 
deflection),  with  the  origin  of  the  boundary  layer  at 
the  leading  edge  of  the  parent  body,  gives  a  reference 
value  for  the  heat  transfer  rate  (or  coefficient)  at  the 
location  of  peak  heating  on  the  respective  deflected 
control  surface  that  would  occur  in  the  absence  of 
a  deflection  and,  thus,  of  an  interaction.  An  esti¬ 
mate  for  the  heat  transfer  coefficient  at  the  location 
of  peak  heating,  corresponding  to  the  peak  pressure 
and  with  the  origin  of  the  reattaching  boundary  layer 
also  taken  at  the  leading  edge  of  the  parent  body, 
may  be  similarly  obtained  from  eq.  (7).  But  if  the 
thinning  of  the  reattaching  boundary  layer,  caused 
by  the  reattachmeni  compression,  is  to  be  accounted 
for,  then  its  virtual  origin  must  be  taken  in  the  vicin¬ 
ity  of  reattachment  rather  than  at  the  leading  edge  of 
the  configuration.  The  boundary  layer  growth  length 
at  the  location  of  peak  heating,  used  in  the  iteynolds 
number  term  of  eq.  (7),  should  then  be  Lp*  rather 
than  Xpt. 

Taking  the  ratio  of  the  two  results  yields  a  theoreti¬ 
cally  based  correlation  for  peak  heating  [21  43]; 
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with 

a=0,  B=1  and  n=0.5  for  fully  laminar  interactions 
with  a  laminar  reference  level, 
a=0,  B=1  and  n=0.2  for  fully  turbulent  interactions 
with  a  turbulent  reference  level,  and 
a=0.3,  B=0.072  and  n=:0.2  for  turbulent  peak  heat¬ 
ing  with  a  laminar  reference  level. 

The  length  scale  Lp*,  that  is  the  effective  growth 
length  of  the  reattaching  boundary  layer  at  the  loca¬ 
tion  of  peak  heating,  has  been  found  in  [21,43]  to  be 
well  approximated  by  the  method  proposed  in  [50], 
for  strong  /  transitional  interaction  cases  where  the 
virtual  origin  of  the  reattaching  boundary  layer  may 
be  safely  taken  at  the  reattachment  point.  With  ref¬ 
erence  to  Fig.  22,  the  relation  proposed  in  [50]  is: 
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where  the  thickness  of  the  shear  layer  at  the  reattach¬ 
ment  point  may  be  computed  by  the  compressible 
Blasius  result  and  the  deflection  angle  of  the  sepri- 
rated  shear  layer  from  free  interaction  theory.  The 
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velocity  ratio  Upk! u^ej  may  often  be  neglected  induc¬ 
ing  an  error  typically  of  the  order  of  10%,  and  the 
pressure  ratio  ppjb/pre/  may  be  approximated  by  the 
inviscid  pressure  ratio  through  a  single  iiiviscid  ‘  '.ock 
or  a  two-shock  system  (separation  shock  plus  reat¬ 
tachment  shock)  or  as  the  pressure  ratio  through  an 
isentropic  compression.  The  use  of  a  Reynolds  num¬ 
ber,  defined  at  Eckert’s  reference  temperature  [38j, 
to  correlate  turbulent  ramp  data  to  a  laminar  flat 
plate  refei-ence  heating  level  is  also  noted.  Details  of 
the  development  of  this  correlation  law  may  be  found 
in  [21,43]. 

It  is  interesting  to  note  that,  for  fully  laminar  or 
fully  turbulent  interactions  (that  is  when  the  ref¬ 
erence  and  ramp  boundary  layers  are  both  laminar 
or  both  turbulent),  and  neglecting  the  velocity  ratio 
term,  eq.  (11)  reduces  to: 


'  Ppk ' 

1  — n 

Xplc' 

Rrtf 

.Prtf  . 

which  is  equivalent  to  the  numerous  pres<^'.ire  interac¬ 
tion  semi-empirical  peak  heating  correlations  of  the 
form  of  q.  fS)  summarized  in  [47],  but  includes 
an  additional  term  representing  the  relative  growth 
lengths  of  the  reference  and  reattaching  boundary 
layers.  Recalling  the  findings  of  [47]  that  eq.  (8)  has 
been  very  successful  for  fully  turbulent  interactions 
with  an  exponent  (1  -  n)  of  close  to  0.8  (that  i-'  the 
theoretical  reference  temperature  value  of  eqs.  (11) 
and  (13)),  but  a  complete  failure  for  fully  laminar 
interactions  where  exponents  (I  -  n)  in  the  range 
0.7- 1.3  have  been  determined  as  opposed  to  the  the¬ 
oretical  value  in  eqs.  (11)  and  (13)  of  0.5,  and  noting 
in  eq.  (7)  that  the  laiuinar  heat  trai.sfer  coefficient 
is  much  mere  sensitive  to  Reynolds  number  t '■  xpo- 
nent  0.5)  than  the  turbulent  heat  transfer  coefficient 
(exponent  0.2),  it  is  believed  that  neglecting  the  thin¬ 
ning  of  the  reattaching  boundary  layer  caused  by  the 
interaction  process  has  been  partially  responsible  for 
the  failure  of  eq.  (8)  in  correlating  fully  laminar  in¬ 
teraction  data.  In  other  words,  the  large  differences 
ii:  the  empirically  determined  e.  ponert  (1  —  n)  that 
are  *'ound  among  different  investigators  are  not  only 
due  to  the  transitional  nature  of  some  of  the  exper¬ 
iments  considered,  but  also  due  to  the  aitempt  to 
include  the  case-dep’  ndent  relative  boundary  layer 
growth  length  term  in  the  exponent  of  the  also  '■ase- 
dependent  pressure  ratio  term. 

Accounting  for  the  relative  growth  lengths  of  the  ref¬ 
erence  and  reattaching  boundary  layers  in  the  form 
of  eq.  (11)  or  eq.  (13)  has  been  found  in  [21,43] 
lo  provide  the  grounds  for  a  universal  peak  heat¬ 
ing  correlation  in  regions  of  both  two-  and  three- 
dimensional  shock  wave  boundary  layer  interactions. 
The  result  is  illustiSted  in  Fig. 23,  where  more  than 
200  data  points  from  23  references  have  been  assem¬ 
bled  [21,43],  covering  a  Mach  numb'  r  range  of  5-20 
and  five  orders  of  magnitude  variation  in  Reynolds 


number,  which  implies  a  range  of  shock  wave  bound¬ 
ary  laye-  interactions  from  fully  laminar  cases  in  the 
strong  viscous  interaction  regime  lo  transitiuiial  lo 
fully  turbulent  cases.  The  geometries  considered  in¬ 
clude  two-  and  three-dimensional  flat  plale/ramp  con¬ 
figurations,  flat  plates  w'ith  swept  or  unswept  im¬ 
pinging  shocks,  regions  of  glancing  shock  interaction 
(flat  plates  with  vertical  fins)  and  a  double  ellipsoid 
configuration.  A  laminar  boundary  layer  developing 
over  a  flat  plate  at  freestream  conditions  has  been 
chosen  as  the  refereti^  -ase  in  this  correlation. 

4  LOCALIZED  HEAT  TRANSFER  VARIA¬ 
TIONS  :  STRIATION  HEATING 

4.1  General 

A  number  of  shock  wave  boundary  layer  interac¬ 
tion  investigations  have  revealed  the  formation  of 
streamwise  str’ations  in  the  region  of  reattachment 
over  various  t  vc  dimensional,  axisyminetric  or  three- 
dimensional  configurations.  Noting  that  until  re¬ 
cently  the  bulk  of  such  experiments  has  involved  dis¬ 
crete  gauge  surface  measurements,  usually  concen¬ 
trated  along  the  model  centerlinp,  the  first  indica¬ 
tions  of  streamwise  striatioiis  in  supersonic  and  hy¬ 
personic  flow  came  from  surtace  oil  flow  and  subli¬ 
mation  visuali.'ai.ions  [51-54],  The  phenomenon  has 
been  attributed  to  tb“  development  of  Gbrtler  vor¬ 
tices,  .i.nilar  to  those  encountered  in  subsonic  flows 
[55],  that  is  Iriggerred  and  supported  by  the  flow- 
concavity  associated  with  the  turning  of  the  sepa¬ 
rated  shear  layer  parallel  to,  say.  the  deflected  con¬ 
trol  surface.  The  relevance  ofstriation  phenomena  to 
the  design  of  hype'-sot'h  vehicles  beyond  the  funda¬ 
mental  interest  in  instabilities  and  disturbance  am¬ 
plification,  is  twofold;  first,  they  are  linked  to  the 
occurrence  of  laminar-turbulent  transition;  and,  sec¬ 
ondly,  they  are  associated  with  important  spanwise 
heat  transfer  variations  exhibiting  highly  localized 
peaks  in  heat  transfer. 

Noting  that  peak  healing  in  the  reattachment  region 
may  become  critical  ‘o  the  design  of  hypersonic  vehi¬ 
cles,  leading  to  temperatures  near  or  above  the  struc¬ 
tural  integrity  limits  of  available  materials,  it  is  im¬ 
perative  that  the  mechanisms  and  effects  of  striations 
on  rcattachment  heating  levels  are  well  understood. 
.V  significant  etfort  in  this  field  has,  therefore,  been 
undertaken  recently  with  the  aid  of  thermographic 
techniques,  aiming  primarily  to  the  quantification  of 
striation  heating  [21,41,43,56-61].  It  should  be  noted, 
however,  that  striations  have  so  far  been  extensively 
observed  over  a  variety  of  configurations  only  in  ex¬ 
perimental  setups  and  never  in  flight  (e.g.  during  the 
reentry  of  either  the  Space  Shuttle  Orbiter  or  the  Bor 
and  Biiran  spaceplanes). 

4.2  Qualitative  description 

A  typical  oil  flow  surface  visualization  and  a  typical 
sublimation  photograph  taken  over  flat  plate  /  two- 
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dimensional  compression  ramp  configurations,  from 
[41]  and  [43]  respectively,  are  shown  in  Fig.  24.  The 
formation  of  strearnwise  striations  in  the  flow  reat¬ 
tachment  region  is  illustrated  in  both  photographs. 
The  qualitative  data  of  Fig.  24,  within  their  limited 
spatial  resolution,  indicate  that  the  mean  spacing 
of  the  rather  regular  striations  is  constant  through¬ 
out  the  model  span.  This  was,  in  fact,  proposed 
by  [51,52],  where  a  large  number  of  data  taken  over 
backward  facing  step  configurations  were  correlated 
to  yield  a  nearly  constant  value  (between  2  and  3) 
for  the  mean  wavelength  of  the  striations  normalized 
by  the  undisturbed  boundary  layer  thickness,  inde¬ 
pendent  of  Mach  and  Reynolds  numbers  and  the  in¬ 
teraction  strength. 

Similar  observations  have  been  made  by  means  of 
thermosensitive  paints  in  [59]  and  infrared  thermog¬ 
raphy  in  [60],  and  e-vamples  are  shown  in  Fig.  25,  also 
illustrating  the  aforementioned  regular,  short  wave¬ 
length  striations,  well  as  the  associated  significant 
spanwise  heat  transfer  variations.  The  observations 
as  to  the  regularity  of  the  striations  and  their  depen¬ 
dence  upon  the  undisturbed  boundary  layer  thick¬ 
ness  are  also  supported  by  linear  stability  analyses 
[62,63]  as  well  as  by  preliminary  large  eddy  sim¬ 
ulation  results  [64],  examining  the  amplification  of 
small,  random  initial  perturbations. 

However,  contradictory,  to  some  extent,  observations 
have  been  made  in  the  experimental  investigations 
of  [21,43].  A  series  of  high  resolution  infrared  im¬ 
ages  acquired  in  [43]  over  flat  plate  /  two-dimensional 
ramp  geometries  at  Mach  6  is  given  in  Fig.  26.  First, 
attention  is  drawn  to  Figs.  26a  and  b,  corresponding 
to  nominally  identical  experiments  at  a  low  Reynolds 
number  and  a  weak  overall  pressure  rise  (ramp  de¬ 
flection  angle  of  only  10°);  the  only  difference  be¬ 
tween  the  two  tests  is  the  detailed  thickness  distri¬ 
bution  of  the  nominally  sharp  model  leading  edge 
(26;im  ±  10;<m  in  the  case  of  Fig.  2Ga  and  40/im 
±  20/rm  in  the  case  of  Fig.  26b).  Clearly,  not  only 
the  striation  patterns  are  irregular  in  these  figures 
(in  terms  of  both  spacing  and  intensity),  but  they 
are  also  found  to  be  strongly  dependent  on  the  de¬ 
tailed  shape  of  the  model  leading  edge.  For  these 
low  Reynolds  number,  weak  interaction  cases  a  qual¬ 
itative  correlation  between  the  footprint  of  the  stri¬ 
ations  and  the  leading  edge  thickness  di.stribution 
has  been  found  [43,57]  (section  4.3).  Additionally, 
comparison  between  Figs.  26b  and  c  illustrates  that 
striation  patterns  are  not  influenced  by  finite  span 
effects. 

As  the  interaction  strength  was  increased  in  [43]  (by 
increasing  the  ramp  deflection  angle)  and  /  or  the 
Reynolds  number  was  increased  (by  shifting  the  hinge 
line  backwards  or  increasing  the  unit  Reynolds  num¬ 
ber),  and  for  a  given  model  leading  edge,  increasingly 
more  regular  striation  patterns  appeared  to  form  in 


the  reattachment  region  which,  however,  persisted 
for  increasingly  shorter  distances  along  the  ramp  sur¬ 
face  and  eventually  disappeared  within  the  resolution 
of  the  infrared  technique  (Figs.  26b-f). 

To  further  investigate  the  observed  dependence  oi 
the  striation  phenomena  on  the  detailed  leading  edge 
thickness  distribution,  at  least  in  the  cases  of  weak 
interactions  at  low  Reynolds  number,  experiments 
were  also  performed  in  [21,43]  with  a  thicker  and 
more  uniform  leading  edge  (98/jm  ±  5/im)  with  and 
without  a  regular  distribution  of  perturbations  at¬ 
tached  to  it  (in  the  form  of  0.2  mm  thick,  25  mm  long 
sandpaper  strips  distributed  along  the  leading  edge 
at  wavelengths  of  10  mm  and  20  mm).  The  result¬ 
ing  infrared  and  sublimation  results  are  illustrated 
in  Fig.  27.  The  addition  of  discrete  perturbations 
was  found  to  enhance  the  intensity  of  the  striations, 
while  showing  a  close  correlation  between  the  initial 
disturbance  distribution  and  the  form  of  the  slria- 
tions.  Similar  observations  were,  in  fact,  made  in 
[51],  where  high  quality  pointed  nose  axisymmetric 
configurations  were  found  to  be  free  of  striations  in 
the  reattachment  region,  whereas  discrete,  regularly 
spaced  leading  edge  perturbations  were  introduced 
to  enhance  spanwise  variations  and  ease  their  mea¬ 
surement  (section  4.3). 

A  possible  interpretation  of  tlie  contradictory  obser¬ 
vations  as  to  the  importance  of  leading  edge  irregu¬ 
larities  and,  moreover,  as  to  their  persisting  signature 
in  the  formation  of  striations  may  be  now  proposed. 
First,  hypersonic  boundary  layers  are  known  to  be 
extremely  stable  and,  hence,  the  occurrence  of  insta¬ 
bilities  requires  either  the  presence  of  fairly  strong 
amplification  mechanisms,  such  as  high  Reynolds  num¬ 
ber  and  flow  concavity/adverse  pressure  gradient,  in 
accordance  with  linear  stability  theory,  or  the  pres¬ 
ence  of  significant  initial  perturbations  (significant 
in  the  sense  that  they  may  not  be  considered  small 
within  the  framework  of  linear  stability  analyses). 
The  preceding  observations  are  thought  to  be  indica¬ 
tive  of  these  competing  instability  agents,  whereby  in 
the  strong  interaction,  high  Reynolds  number  cases 
the  amplification  mechanisms  are  dominant,  and  in 
the  weak  interaction,  low  Reynolds  number  cases 
strong  initial  perturbations  prev.ail. 

Now,  if  the  formation  of  strearnwise  striations  (very 
likely  the  footprint  of  Gortler-type  vortices)  is  viewed 
as  an  instability,  it  is  retisonable  to  anticipate  a  close 
link  between  their  presence  and  the  occurrence  of 
laminar-turbulent  transition.  In  fact,  this  is  in  accor¬ 
dance  with  the  discussion  in  [6,5],  whereas  embedded 
strearnwise  vortices  have  been  observed  in  the  tran¬ 
sition  process  of  both  low  and  high  speed  flows,  and 
not  only  over  concave  surfaces  but  also  over  flat  and 
even  convex  surfaces  [51,63,65].  This  could,  then, 
explain  the  effective  promotion  of  laminar-turbulent 
transition  by  shock  wave  boundary  layer  interactions 
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and,  in  particular,  by  the  reattachment  process,  in 
otherwise  highly  stable  flowfields  (i.e.  where  zero 
pressure  gradient  natural  transition  or  even  forced 
transition  by  means  of  tripping  is  most  difficult;  cite, 
for  example,  the  severe  tripping  that  Wcis  required  in 
[21]  to  trip  the  oncoming  Mach  14  laminar  boundary 
layer  relative  to  its  highly  effective  transition  over  a 
15*  ramp.  Fig.  14). 

Furthermore,  there  remains  a  debate  as  to  whether 
Gortler-type  vortices  may  be  sustained  in  fully  tur¬ 
bulent  flow.  It  may  be  argued  that  steady  embedded 
vortical  structures  may  not  be  sustained  in  a  highly 
unsteady  turbulent  flowfield  [66],  but  instead  they 
break  down  as  fully  turbulent  flow  is  attained  [65,66]. 
Nevertheless,  numerous  investigators  have  reported 
the  observation  of  striations  in  fully  turbulent  reat¬ 
taching  boundary  layers,  but  to  the  author’s  view 
these  reports  (at  least  in  hypersonic  cases)  have  not 
been  accompanied  by  a  convincing  demonstration  of 
the  eissumed  fully  turbulent  nature  of  the  flow. 

To  sum  up,  there  is  evidence  that  the  formation 
of  steady  streamwise  striations  is  directly  linked  to 
the  occurrence  of  laminar-turbulent  transition,  and 
these  are  damped  out  (or  break  down)  as  fully  tur¬ 
bulent  flow  is  attained  on  the  deflected  ramp  (see 
also  section  4.3).  Understanding  that,  for  a  given 
experimental  setup  (including  all  initial  disturbance 
sources),  incretising  Reynolds  number  and  interac¬ 
tion  strength  is  bound  to  accelerate  the  transition 
process  (once  it  is  triggerred),  the  above  argument  is 
fully  consistent  with  the  observation  that  the  stream- 
wise  extent  of  striations  decreases  with  increasing 
Reynolds  number  and  interaction  strength.  In  addi¬ 
tion,  it  has  been  argued  that  Gortler  vortices  should 
be  sustained  only  within  the  region  of  concave  flow 
curvature.  The  results  of  [21,43]  summarized  in  Figs. 
26  and  27  and  the  subsequent  discussion  in  section 
4.3  show  that  striations  may,  in  some  cases,  extend 
far  downstream  from  the  concave  flow  reattachment 
region  and  disappear  only  when  fully  turbulent  flow 
is  attained. 

Finally,  it  should  be  noted  that  similar  striation  ef¬ 
fects  have  been  observed  over  swept  wings  at  low 
speed  [67],  where  the  formation  of  striations  is  as¬ 
sociated  with  the  development  of  co-rotating  cross- 
flow  vortices  rather  than  contra-rotating  Gortler  vor¬ 
tices.  The  qualitative  (surface  visualization  findings 
of  [67]  demonstrate  that  crossflow  vortices  accelerate 
laminar-turbulent  transition,  that  they  break  down 
when  turbulent  flow  is  attained,  and  that  their  ef¬ 
fectiveness  in  promoting  transition  depends  on  the 
magnitude  and  distribution  of  initial  disturbances 
(roughness)  in  the  leading  edge  region. 

4.3  Quantitative  description 
Spanwise  pitot  pressure  distributions  have  been  mea¬ 
sured  in  [51,52]  within  the  boundary/shear  layer  along 


a  flat  plate/backward  facing  step  geometry  that  ex¬ 
hibits  flow  separation  and  the  formation  of  stream- 
wise  striations  in  the  region  downstream  of  the  step. 
The  results  are  illustrated  in  Fig.  28,  as  the  stream- 
wise  evolution  of  the  spanwise  pitot  pressure  dis¬ 
tribution  measured  at  selected  distances  from  the 
model  surface  (always  within  the  boundary  /  shear 
layer).  The  presence  of  small,  irregular  perturbations 
upstream  of  the  interaction  is  noted,  which  are  seen 
to  amplify  through  the  reattachment  region.  Down¬ 
stream  of  the  reattachment  region,  the  disturbances 
are  damped  and  practically  disappear  by  the  trailing 
edge  of  the  configuration.  The  occurrence  of  laminar- 
turbulent  transition  over  effectively  the  same  region 
where  spanwise  pitot  pressure  variations  are  detected 
is  noted. 

Spanwise  heat  transfer  measurements  in  the  reat¬ 
tachment  region  of  the  aforementioned  backward  fac¬ 
ing  step  configuration  were  also  conducted  in  [51,52]. 
Following  preliminary  experiments,  which  established 
the  relevance  of  the  model  leading  edge  in  the  for¬ 
mation  of  streamwise  striations  in  the  reattachment 
region,  experiments  were  performed  with  a  distribu¬ 
tion  of  elements  of  adhesive  tape  along  the  model 
leading  edge  aimed  to  enhance  the  footprint  of  the 
striations.  The  results  are  illustrated  in  Fig.  29, 
where  spanwise  heat  transfer  variations  of  the  order 
of  ±  50%  are  found.  Although  these  significant  heat¬ 
ing  variations  exhibit  a  regular  spatial  distribution, 
the  close  correspondence  between  heat  transfer  peaks 
and  the  edges  of  the  regularly  spaced  adhesive  tape 
elements  is  noted. 

More  recently,  the  subject  of  striation  heating  has 
been  extensively  investigated  over  flat  plate  /  two- 
dimensional  configurations  at  Mach  6  and,  to  a  lesser 
extent,  Mach  14  in  [21,43,57].  A  typical  streamwise 
evolution  of  the  spanwise  heat  transfer  distribution 
over  a  10°  deflected  ramp  (corresponding  to  the  ther¬ 
mogram  of  Fig.  26b)  is  shown  in  Fig.  30.  The 
hinge  line  in  this  case  is  located  at  x=4  cm  down¬ 
stream  of  the  model  leading  edge.  Clearly,  initial 
disturbances  are  amplified  through  the  reattachment 
region,  reaching  a  msiximum  spanwise  heat  transfer 
variation,  and  subsequently  decay  towards  a  uniform 
heat  transfer  distribution  over  the  entire  model  span. 
It  is  noted  that  the  particular  distribution,  which 
corresponds  to  a  weak,  low  Reynolds  number  inter¬ 
action,  shows  no  characteristic  spanwise  wavelength 
within  the  spatial  resolution  of  the  measurement, 
and  the  heat  transfer  variations  are  rather  irregular. 

The  importance  of  the  initial  leading  edge  distur¬ 
bances  and  the  persistence  of  their  signature  through 
the  disturbance  amplification  process  in  the  reattach¬ 
ment  flow  region  in  low  strength,  low  Reynolds  num¬ 
ber  interactions  is  illustrated  in  Fig.  31.  Selected 
spanwise  heat  transfer  variations  are  shown  over  a 
10°  ramp  for  three  model  leading  edges.  In  the  for- 
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mer  two  cases,  a  qualitative  correlation  is  found  be¬ 
tween  leading  edge  thickness  variations  and  spanwise 
heat  transfer  variations,  whereas  in  the  third  case  a 
close  correspondence  is  observed  between  spanwise 
peaks  in  heat  transfer  and  the  edges  of  the  additional 
leading  edge  disturbances  (similar  to  the  data  of  Fig. 
29  [52]).  Again,  very  high  peaks  in  heat  transfer  are 
attained  locally  of  up  to  80%  higher  than  the  span- 
wise  mean  heating  level. 

For  stronger  interactions  and/or  higher  Reynolds  num¬ 
bers,  it  was  observed  in  section  4.2  that  striations 
tend  to  be  more  regular  (at  lecist  in  spacing  if  not 
in  amplitude),  whereas  their  stteamwise  extent  is  re¬ 
duced  (for  a  given  geometry  and  initial  disturbance 
distribution).  The  streamwise  evolution  of  the  span- 
wise  heat  transfer  variations  over  the  configuration 
of  Fig.  26e  is  depicted  in  Fig.  32  [43]  showing  more 
regular  variations  than  those  of  Fig.  30  and  the  ab¬ 
sence  of  any  qualitative  correlation  with  the  40  /im 
leading  edge  thickness  variations  shown  in  Fig.  31. 
The  hinge  line  of  the  15°  ramp  is,  in  this  case,  located 
at  9  cm  downstream  of  the  model  leading  edge.  Sim¬ 
ilarly,  more  tegular  striation  patterns  are  observed 
in  the  spanwise  heat  transfer  distributions  of  Fig.  33 
[41,59],  particularly  for  the  blunt  leading  edge,  and 
in  the  distributions  of  Fig.  34  [57]  corresponding  to 
a  weak  interaction,  low  Reynolds  number  case  with 
also  weak  initial  leading  edge  disturbances. 

The  streamwise  extent  and  amplitude  of  striations 
and  the  associated  spanwise  heat  transfer  variations 
are  better  illustrated  by  plotting  the  bands  between 
the  minimum  and  maximum  streamwise  heat  trans¬ 
fer  distributions  measured  over  the  model  span  (ex¬ 
cluding,  of  course,  regions  close  to  the  model  side 
edges).  For  a  given  model  leading  edge  (i.e.  for  a 
given  set  of  initial  disturbances),  typical  results  are 
shown  in  Fig.  35  in  the  form  of  streamwise  heat 
transfer  bands  as  a  function  of  ramp  deflection  an¬ 
gle,  hinge  line  location  and  unit  Reynolds  number. 
It  becomes  evident  from  Fig.  35  that  significant 
spanwise  heat  transfer  variations  commence  in  the 
close  vicinity  of  reattachment  (corresponding  closely 
to  the  region  of  maximum  streamwise  pressure  emd 
heat  transfer  gradients).  It  is  also  clear  that  the 
streamwise  extent  of  striations  is  decreasing  with  in¬ 
creasing  ramp  angle  and/or  Reynolds  number  to  the 
hinge  line. 

From  the  designer’s  point  of  view,  however,  the  most 
relevant  aspect  of  striation  phenomena  is  their  influ¬ 
ence  on  peak  heating  over  the  deflected  control  sur¬ 
face.  In  this  respect,  the  data  of  Fig.  35  show  that 
the  mean  streamwise  heat  transfer  distribution  tends 
towards  the  predicted  reference  temperature  turbu¬ 
lent  heating  level  on  the  deflected  ramp  and  that, 
as  this  level  is  approached,  spanwise  heat  transfer 
variations  reduce  to  effectively  zero.  It  is  also  noted 
that  the  turbulent  ramp  heating  level  is  hardly  ex¬ 


ceeded  anywhere  on  the  deflected  ramp  (within  the 
uncertainty  of  the  prediction).  It  may,  therefore,  be 
conjectured  that  the  local  turbulent  ramp  heating 
level  approximates  well  the  upper  limit  of  local  span- 
wise  heat  transfer  peaks,  and  that  the  preceding  dis¬ 
cussion  on  the  prediction  of  peak  heating  (sections 
3.3  and  3.4)  remains  valid  also  in  the  presence  of 
strong  streamwise  striations.  Consequently,  the  pro¬ 
posed  peak  heating  correlation  may  safely  provide 
estimates  for  the  maximum  (turbulent)  heat  transfer 
that  is  to  be  anticipated  on  a  deflected  control  sur¬ 
face,  on  the  condition  that  the  local  boundary  layer 
edge  conditions  are  known  as  well  as  the  local  min¬ 
imum  boundary  layer  thickness  in  the  peak  heating 
“neck”  region. 

These  findings  that  striation  heating  does  not  exceed 
significantly  the  local  turbulent  heat  transfer  are  also 
supported  by  the  spanwise  heat  transfer  data  of  [21] 
at  Mach  14,  of  [41,59]  at  Mach  10,  and  of  [60]  at  Mach 
7  and  8.  Also,  the  fact  that  spanwise  heat  transfer 
variations  reduce  to  effectively  zero  as  the  mean  heat 
transfer  level  attains  the  local  turbulent  heating  level 
supports  the  proposition  that  steady  streamwise  stri¬ 
ations  may  no  longer  be  sustained  when  fully  turbu¬ 
lent  flow  is  attained  over  the  model  span. 

Finally,  the  influence  of  the  model  leading  edge  (ini¬ 
tial  disturbances)  on  the  band  between  minimum  and 
maximum  streamwise  heat  transfer  distributions  is 
illustrated  in  Fig.  36  for  a  sveak  10°,  low  Reynolds 
number  case,  where  the  model  leading  edge  thick¬ 
ness  and  irregularities  were  found  to  be  the  most 
important.  Despite  the  strong  dependence  of  the  de¬ 
tailed  striation  patterns,  their  amplitude  and  stream- 
wise  extent  upon  the  detailed  leading  edge  thickness 
distribution,  and  the  persistence,  in  some  cases,  of 
significant  spanwise  heal  transfer  variations  to  the 
trailing  edge  of  the  ramp  (indicative  of  a  rather  in¬ 
efficient  laminar-turbulent  transition  in  cases  with 
both  weak  initial  disturbances  and  weak  amplifica¬ 
tion  mechanisms),  the  local  ramp  turbulent  heating 
level  is  again  hardly  exceeded. 

5  COMPUTATIONAL  FLUID  DYNAMICS: 
RESULTS  AND  VALIDATION 

5.1  General 

The  rapid  progress  achieved  in  recent  years  in  the 
field  of  Computational  Fluid  Dynamics  (CFD),  com¬ 
bined  with  the  strict  requirements  imposed  in  the  de¬ 
sign  of  new  hypersonic  vehicles,  the  lack  of  full  simu¬ 
lation  capabilities  in  hypersonic  ground  test  facilities 
and  the  difficulties  involved  in  flight  testing,  has  pro¬ 
moted  the  adoption  of  a  new  design  philosophy  that 
heavily  relies  upon  CFD  for  the  direct  analysis  of 
the  flowfield  at  both  flight  and  ground  test  condi¬ 
tions,  as  well  as  for  the  development  of  techniques 
for  the  extrapolation  of  ground  test  results  to  flight. 
This  type  of  evolution,  however,  towards  the  effective 
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integration  of  ground  testing,  flight  and  computa¬ 
tional  results  [68]  (Fig. 37)  not  only  imposes  stringent 
requirements  on  the  characterization  and  quality  of 
measurements,  but  also  calls  for  an  in-depth  qualifi¬ 
cation  and  validation  of  computational  tools  against 
realistic  and  well  documented  test  cases,  before  they 
may  be  safely  incorporated  into  the  design  cycle. 

The  specific  problem  of  deflected  control  surfaces 
and,  more  generally,  of  shock  wave  boundary  layer 
interaction  (even  over  simplified  geometric  config¬ 
urations)  is  particularly  complicated  as  it  involves 
strong  viscous  effects  and  often  extensive  separated 
flow  regions.  On  the  computational  side,  the  sit¬ 
uation  may  become  critical  with  full  Navier-Stokes 
solvers,  where  computer  time  and  memory  storage 
requirements  can  easily  approach  or  exceed  the  ca¬ 
pacity  of  computers  currently  available,  particularly 
when  three-dimensional  configurations  with  transi¬ 
tional  or  turbulent  flowfields  and  thermochemical  ef¬ 
fects  are  considered.  An  important  problem  with 
computations,  which  Am  only  recently  received  the 
attention  it  deserves,  is  the  need  to  demonstrate  con¬ 
vergence  and  grid  independence  of  the  solutions  [69], 
noting  also  that,  with  separated  flows,  criteria  that 
have  been  well  established  for  simpler  attached  flow 
situations  may  no  longer  be  relied  upon. 

On  the  experimental  side,  it  has  become  evident  that 
experiments  oriented  towards  CFD  code  validation 
are  burdened  with  increased  requirements  insofar  as 
the  quality  and  the  type  of  the  measurements,  and 
the  definition  of  the  flowfield,  the  geometry  and  the 
boundary  conditions  are  concerned  [70,71].  The  prob¬ 
lem  here  is  that  a  large  portion  of  the  experimen¬ 
tal  shock  wave  boundary  layer  interaction  studies 
dates  back  to  an  era  where  technological  means  were 
limited  and  a  semi-empirical  engineering  philosophy 
prevailed.  Consequently,  very  few  experiments  are 
sufficiently  well  documented  for  code  validation  pur¬ 
poses,  the  data  are  very  limited  relative  to  the  detail 
provided  by  CFD  suid,  at  hypersonic  Mach  numbers 
in  particular,  flowfield  measurements  are  scarce. 

Nevertheless,  the  eissembly  of  code  validation  ori¬ 
ented  databases  has  received  significant  attention  in 
recent  years,  and  a  respectable  amount  of  data  has 
been  systematically  collected  [72-74]  with  the  aid 
of  code  validation  workshops.  Shock  wave  bound- 
My  layer  interaction  test  cases,  exhibiting  signifi¬ 
cant  separated  regions,  in  two  and  three  dimensions 
and  with  laminar,  transitional  or  turbulent  bound- 
eiry /shear  layers  form  a  major  part  of  these  novel 
databases.  The  bulk  of  the  data,  however,  includes 
surface  measurements  only  and  is  for  the  moment 
restricted  to  perfect  gas  C2ises,  although  some  ef¬ 
fort  towards  the  examination  of  real  gas  effects  has 
recently  commenced.  A  selection  of  the  aforemen¬ 
tioned  shock  boundary  layer  interaction  test  cases 
will  be  discussed  in  the  subsequent  sections,  aim¬ 


ing  primarily  to  illustrate  the  difficulties  related  to 
CFD  validation  and  some  of  the  remaining  uncer¬ 
tainties  and  limitations,  but  also  to  briefly  exemplify 
the  potential  of  CFD  in  contributing  towards  the 
detailed  understanding  of  complex  flow  phenomena 
and,  eventually,  towards  bridging  the  gap  between 
the  partial  ground  simulation  and  flight. 

Betore  proceeding  to  Ine  detailed  exaiuinaiiun  of  var¬ 
ious  test  cases,  a  general  remark  may  be  easily  made 
on  the  geometric  characteristics  of  high  speed  inter¬ 
acting  flowfields  with  the  aid  of  CFD  results  on  sim¬ 
ple  flat  plate  /  two-dimensional  ramp  interactions. 
Iso-Mach  contours  are  shown  in  Fig.  38  for  the  Mach 
14,  15“  ramp  case  (corresponding  to  the  rear  ramp 
surface  heat  transfer  data  of  Fig.  15)  as  obtained 
from  an  Euler  computation  and  laminar  and  turbu¬ 
lent*  Navier-Stokes  computations  performed  by  W. 
Haase  [21,75].  In  the  inviscid  case,  a  single  oblique 
shock  forms  at  the  hinge  line  of  the  deflected  ramp 
at  a  very  shallow  angle  due  to  the  high  Mach  number 
of  the  oncoming  flow. 

In  the  case  of  the  laminar  computation,  a  significant 
streamwise  scale  of  the  interaction  is  observed  includ¬ 
ing  an  extensive  separation,  despite  the  relatively 
thin  oncoming  boundary  layer  and  the  shallow  angle 
of  the  separated  shear  layer  and  associated  separa¬ 
tion  shock.  In  the  turbulent  computation,  no  separa¬ 
tion  is  seen  to  occur  in  the  vicinity  of  the  hinge  line 
for  this  modest  ramp  deflection  angle,  but  still  the 
interaction  is  found  to  have  a  significant  streamwise 
extent  due  to  the  much  increased  thickness  of  the  on¬ 
coming  turbulent  boundary  layer.  The  result  is  that, 
in  both  laminar  and  turbulent  cases,  the  normal  ex¬ 
tent  of  this  high  speed  interaction  is  very  limited.  In 
the  streamwise  direction,  however,  it  extends  over  a 
significant  distance  on  the  deflected  ramp,  indepen¬ 
dent  of  whether  the  approaching  boundary  layer  is 
laminar  exhibiting  a  large  separated  region,  or  turbu¬ 
lent  remaining  attached  throughout  the  interaction. 
Noting  that  the  typical  length  of  control  surfaces  on 
lifting  hypersonic  vehicles  is  of  the  order  of  10%- 
20%  of  the  forebody  length,  it  is  evident  that  such 
shallow  zones  of  shock  wave  boundary  layer  interac¬ 
tion  at  high  Reynolds  numbers  (and,  hence,  in  the 
weak  viscous  interaction  regime)  will  strongly  affect 
the  flowfield  over  the  deflected  control  surface  and 
its  effectiveness  and  heating,  even  when  the  oncom¬ 
ing  boundary  layer  is  turbulent  (having  been  tripped 
near  the  nose  of  the  forebody)  and  does  not  separate. 

5.2  Planar  two  -  dimensional  fully  laminar 
interactions 

This  section  will  concentrate  on  shock  wave  lami¬ 
nar  boundary  layer  interactions  over  flat  plate  /  two- 
dimensional  ramp  configurations  at  hypersonic  Mach 

*  The  turbulent  computations  have  used  the  Cebeci- 
Smith  algebraic  turbulence  model,  which  is  satisfac¬ 
tory  for  attached  flow  computations. 
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numbers.  Amongst  the  early  experiments  with  this 
configuration  were  performed  at  Mach  6  in  [76)  with 
an  adiabatic  or  cooled  wall.  Some  of  the  test  cases  of 
[76]  were  computed  in  the  early  1970’s  by  the  Navier- 
Stokes  solver  of  [77]  with  reasonable  success.  These 
computations  revealed,  however,  one  of  the  major 
problems  still  remaining  with  the  computation  of 
high  speed  separated  flows,  namely  the  underpredic¬ 
tion  of  the  streamwise  extent  of  the  interaction  and 
of  the  separated  region. 

More  recently,  the  adiabatic  wall,  Mach  6  data  of  [49] 
over  a  7.5'*  ramp  configuration  have  been  computed 
by  two  Navier-Stokes  solvers  in  [78].  The  Reynolds 
number  based  on  the  distance  from  the  leading  edge 
to  the  hinge  line  was  400,000.  The  comparison  be¬ 
tween  the  measured  and  computed  (over  different 
meshes)  surface  pressure  distributions  is  shown  in 
Fig.  39  to  reveal  the  strong  dependence  of  the  com¬ 
puted  extent  of  the  interaction  upon  the  grid  resolu¬ 
tion.  Clearly,  significant  mesh  refinement  has  been 
necessary  to  arrive  to  grid-independent  solutions.  In- 
dicatively,  50  mesh  points  in  the  streamwise  direction 
within  the  separated  region,  and  20-30  mesh  points 
in  the  wall  normal  direction  within  the  boundary 
layer  at  the  separation  point  have  been  necessary  to 
adequately  resolve  the  geometrical  characteristics  of 
the  interaction.  In  addition  to  mesh  refinement,  par¬ 
ticular  attention  had  to  be  devoted  to  the  inotiitoring 
of  convergence,  where  it  was  noted  that  the  location 
of  the  separation  point  required  much  more  itera¬ 
tions  and  reduction  of  the  residuals  to  converge  than 
standard  L2-norm  criteria,  developed  for  attached 
flows,  would  suggest.  The  movement  >f  the  separa¬ 
tion  point  with  iteration  number  and  grid  refinement 
is  illustrated  in  Fig.  40.  It  should  also  be  noted  that 
preliminary  attempts  to  compute  a  similar  lest  case 
but  with  a  cold  wall  [49]  htis  met  with  substantial 
difficulties  in  correctly  predicting  the  modest  extent 
of  the  interaction,  which  are  believed  to  be  related  to 
the  inadequate  resolution  of  the  very  thin  oncoming 
boundary  layer  under  the  combined  high  Reynolds 
number  and  cold  wall  conditions  of  this  test  case  [21]. 

Another  early  set  of  fully  laminar,  two-dimensional 
test  cases  at  a  Mach  number  of  14  and  a  Reynolds 
number  (bas<“d  on  the  distance  from  the  leading  edge 
to  the  hinge  line)  of  about  100,000  has  been  that  of 
[32]  depicted  in  Fig.  7,  which  is  also  included  in  the 
databrise  of  [73].  The  well  separated  24®  ramp  case 
has  been  computed  by  a  number  of  Navier-Stokes 
solvers  [79-83],  whereas  the  unseparated  case  with  a 
15®  deflected  ramp  has  been  computed  by  the  parab¬ 
olized  Navier-Stokes  code  of  [84).  The  Navier-Stokes 
computations,  with  their  limited  success,  have  again 
demonstrated  the  importance  of  sufficiently  resolv¬ 
ing  the  near-wall  region  to  correctly  predicting  the 
extent  of  the  interaction,  but  also  the  wall  skin  fric¬ 
tion  and  heat  transfer  distributions.  In  fact,  it  will 
be  illustrated  below  that  some  computations  involve 


such  coarse  grids  that,  not  only  do  they  not  capture 
the  extent  of  the  interaction  correctly,  but  also  fail  to 
resolve  adequately  the  velocity  and,  more  often,  the 
temperature  profile  and,  hence,  yield  poor  skin  fric¬ 
tion  and  heat  transfer  predictions  even  in  attached 
flow  regions. 

Of  particular  interest  among  the  computations  for 
the  well  separated  case  of  [32]  is  the  work  of  [79].  Fol¬ 
lowing  a  grid  dependence  study  with  two-dimensional 
computations,  a  grid-independent  solution  was  ob¬ 
tained  which,  however,  strongly  overpredicted  the 
streamwise  extent  of  the  interaction  (Fig.  41).  Then, 
consultation  with  the  experimentalists  led  to  the  con¬ 
jecture  that  the  experiment  in  question  could  be  in¬ 
fluenced  by  finite  span  effects  due  to  the  combina¬ 
tion  of  a  large  separated  region  with  a  relatively 
small  aspect  ratio  (ratio  of  model  span  to  distance 
between  the  leading  edge  and  the  hinge  line).  Con¬ 
sequently,  three-dimensional  computations  were  per¬ 
formed  which  are  seen  in  Fig.  41  to  capture  well  the 
measured  extent  of  the  interaction  and  the  overall 
pressure  distribution.  The  lesson  to  be  learned  here 
is  that  two-dimeonsionality  must  be  demonstrated  in 
experiments  with  flat  plate  /  two-dimensional  ramp 
configurations,  in  the  sense  that  the  measured  center- 
line  distributions  are  not  influenced  by  modification 
of  the  side  boundary  conditions  (change  in  model 
span,  addition  of  side  fences,  etc.).  Also,  it  should  be 
noted  that  the  question  of  side  boundary  conditions 
arises  in  three-dimensional  compulations  (similar  to 
the  computation  of  the  flow  over  three-dimensional 
geometries,  such  as  the  swept  ramp),  where  the  most 
significant  finite  span  effect  is  believed  to  be  that  of 
outflow  through  the  sides  of  the  model.  In  such  cases, 
the  recommended  approach  is  to  extend  the  compu¬ 
tational  domain  beyond  the  side  of  the  geometry  a 
sufficient  distance  so  as  to  allow  for  the  application 
of  freestream  flow  conditions  at  the  extended  side 
boundary. 

In  the  aftermath  of  the  first  Antibes  workshop  [72a], 
where  it  was  realized  that  the  compression  ramp  test 
cases  exhibited  laminar-turbulent  transition  in  the 
reattachment  region  (section  5.3),  in  accordance  with 
the  preceding  discussion  in  section  3  and  4,  new  test 
cases  were  defined  for  the  second  workshop  [72b]  to 
ensure  fully  laminar  flow  over  the  interaction  region. 
Very  low  Reynolds  number  experiments  at  Mach  10 
[85]  were  chosen  for  this  purpose  with  ramp  deflec¬ 
tion  angles  of  15®  and  20®.  During  the  workshop 
it  was  realized  that  the  flow  at  such  conditions  falls 
in  the  strong  viscous  interaction  regime  and  is  dom¬ 
inated  by  the  growth  of  the  thick  boundary  layer 
rather  than  the  ramp-induced  interaction.  In  fact,  it 
was  found  that  the  15°  ramp  case  was  virtually  un¬ 
separated,  whereas  the  20®  ramp  case  very  close  to 
the  effective  incipient  separation  limit  after  the  cri¬ 
terion  of  Fig.  6  and  the  computational  results  that 
were  presented  in  [72b].  Consequently,  the  emphasis 
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in  [85]  was  placed  on  a  25°  ramp  case,  exhibiting  sig¬ 
nificant  separation,  and  the  first  comparisons  with 
computations  are  shown  in  [85].  It  is  noted  that, 
despite  the  low  Reynolds  number  (30,000  based  on 
the  distance  between  the  leading  edge  and  the  hinge 
line  *),  this  ceise  is  of  particultir  interest  because  of 
the  availability  of  quantitative  electron  beam  fluores¬ 
cence  data  in  the  flowfield  (Fig.  42). 

A  further  laminar  test  case  at  Mach  11.7  from  the 
database  of  [73]  was  considered  in  the  workshop  of 
[72b].  The  experimental  data  [86]  are  of  interest  as 
they  include  skin  friction  measurements  in  addition 
to  wall  pressure  and  heat  transfer  distributions.  A 
review  of  the  comparison  between  the  various  com¬ 
putations  in  [72b]  and  the  experimental  data  of  [86] 
is  provided  in  [21].  In  general,  the  computations 
have  performed  reasonably  well  for  this  moderate 
Reynolds  number  (240,000  to  the  hinge  line)  well  sep¬ 
arated  c&se,  provided  that  attention  was  given  to  the 
mesh  resolution. 

The  laminar  interaction  Mach  14  data  of  [21],  cor¬ 
responding  to  the  forward  15°  ramp  heat  transfer 
distribution  of  Fig.  15  and  a  Reynolds  number  to 
the  ramp  hinge  line  of  450,000  have  been  computed 
in  [75,78].  A  comparison  of  the  various  computa¬ 
tions  with  different  mesh  resolutions  and  the  exper¬ 
imental  heat  transfer  data  is  shown  in  Fig.  43,  to¬ 
gether  with  a  comparison  between  the  computed  iso¬ 
density  contours  and  the  experimental  schlieren  pho¬ 
tograph  in  Fig.  44.  A  grid  independent  solution 
has  been  attained  which  is  in  good  agreement  with 
the  experimental  data  until  the  onset  of  transition 
downstream  of  the  boundary  layer  neck  region  on 
the  ramp  (at  approximately  0.12  m  from  the  lead¬ 
ing  edge)  that  characterized  the  experiment.  Indica- 
tively,  about  40  streamwise  mesh  points  within  the 
separated  region  and  about  50  points  in  the  wall- 
normal  direction  within  the  boundary  layer  at  sepa¬ 
ration  were  required  to  adequately  resolve  the  extent 
of  the  interaction  in  this  case.  The  minimum  wall- 
normal  mesh  size  in  the  finest  (352x160)  Cornier 
mesh  WM  5x10”®  m.  It  is  also  intersting  to  note 
that  the  coarse  mesh  VKI  computation  on  the  84x30 
mesh  with  only  13  wall-normal  mesh  points  in  the 
boundary  layer  at  separation  also  fails  to  resolve  the 
thermal  boundary  layer  and,  consequently,  yields  am 
underprediction  of  the  heat  transfer  in  the  attached 
flow  regions  both  upstream  and  downstream  of  the 
interaction. 

Overall,  concerning  laminair  perfect  geis  shock  wave 
boundairy  layer  interau:tions  over  flat  plate  /  two- 
dimensional  ramp  configurations,  the  general  con¬ 
sensus  is  that  they  may  be  accurately  predicted  by 
Navier-Stokes  solvers,  provided  that  sufficient  atten- 

*  It  is  noted  that  the  Reynolds  number  to  the  hinge 
line  corresponding  to  the  experiments  of  [85]  is  30,000 
as  opposed  to  a  value  of  18,000  specified  in  [72b]. 


tion  is  given  to  obtaining  grid  independent  solutions 
in  cases  exhibiting  significant  separation.  This  goal 
has  been  demonstrated  to  be  attained  with  reason¬ 
able  effort  at  low  or  moderate  Reynolds  numbers, 
but  certain  difficulties  remain  with  well  separated 
cases  as  the  Reynolds  number  increases  and,  with 
it,  the  grid  refinement  requirements  (see,  for  exam¬ 
ple,  high  Reynolds  number  leuTiin2u  computations  in 
section  5.3)  which  often  lead  to  numeric2d  stabil¬ 
ity  problems.  Evidently,  the  development  of  conver¬ 
gence  criteria  and  grid  resolution  criteria  applicable 
to  super-  or  hypersonic  separated  flows  is  highly  de¬ 
sirable.  As  a  final  remark,  the  computation  of  blunt 
flat  plate  /  ramp  geometries,  such  as  the  ones  tested 
in  [41],  imposes  the  additional  need  for  the  adequate 
resolution  of  the  bow  shock,  the  small  subsonic  re¬ 
gion  around  the  leading  edge  and  the  resulting  en¬ 
tropy  layer.  Consequently,  the  efficient  treatment  of 
such  configurations  may  require  the  use  of  multiblock 
solvers. 

5.3  Planar  two  -  dimensional  transitional 
interactions 

The  discussion  in  the  previous  sections  illustrated 
that  the  reattachment  region  on  the  deflected  ramp, 
that  is  associated  with  the  presence  of  strong  dis¬ 
turbance  amplification  mechanisms  (namely,  adverse 
pressure  gradient  and  flow  concavity),  may  provide 
the  grounds  for  the  promotion  of  laminar-turbulent 
transition.  In  fact,  both  the  Mach  10  and  Mach  14 
two-dimensional  ramp  test  cases  considered  in  the 
first  Antibes  workshop  [72a]  were  found  to  be  tran¬ 
sitional  with  transition  taking  place  very  efficiently 
in  the  close  vicinity  of  reattachment*. 

Comparisons  between  the  measured  and  computed 
heat  transfer  distributions  for  these  two  test  cetses 
are  shown  in  Figs.  45  and  46,  respectively,  after  [87]. 
Dramatic  differences  are  found  among  the  various 
computational  results,  all  of  which  compare  poorly 
with  the  experimental  data.  In  fact,  there  are  two  is¬ 
sues  of  primary  importance  to  be  considered.  First, 
the  question  of  grid  dependence  which  at  the  time 
of  [72a]  was  not  seriously  addressed  in  any  of  the 
computations,  and  is  primarily  responsible  for  the 
large  differences  between  the  predictions  of  the  loca¬ 
tion  of  the  separation  point.  Secondly,  the  experi¬ 
ments  exhibited  leuninar-turbulent  transition  in  the 
close  vicinity  of  reattachment,  which  may  have  an 
influence  on  the  extent  of  the  interaction  and  cer¬ 
tainly  has  a  significant  effect  on  the  heat  transfer 
distribution  downstream  of  reattachment /transition. 
The  latter  explains  the  significant  discrepancies  be- 


*  The  Mach  10  test  case  of  [72a]  corresponds  to  the 
sharp  leading  edge  data  of  [41]  illustrated  in  Figs. 
13  and  20,  with  a  Reynolds  number  to  the  hinge  line 
of  2.1x10®.  The  Mach  14  test  case  corresponds  to 
the  rear  15°  ramp  data  of  [21]  illustrated  in  Fig.  15, 
with  a  Reynolds  number  to  the  hinge  line  of  1.3  x  10®. 
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tween  computational  and  experimental  results  on  the 
ramp  heat  transfer  distribution.  Unfortunately,  sim¬ 
ilar  scatter  of  the  computational  results  on  the  Mach 
10  sharp  leading  edge  test  case  of  [41]  was  found  in 
the  second  Antibes  workshop  [72b]. 

However,  the  computations  of  W.  Haase  presented  in 
[72b]  for  the  latter  Mach  10  transitional  test  case  [88] 
and  in  [75,78]  for  the  Mach  14  transitional  test  case 
provide  some  insight  to  the  computational  treatment 
of  transition.  Noting  that  transition  in  these  cases 
takes  place  very  rapidly  in  the  close  vicinity  of  reat¬ 
tachment,  it  has  been  demonstrated  that  such  tran¬ 
sitional  interactions  may  be  computationally  well  ap¬ 
proximated  by  running  first  a  fully  laminar  computa^ 
tion  and,  subsequently,  “switching  on”  a  simple  tur¬ 
bulence  model  (e.g.  the  Cebeci-Smith  model)  in  the 
attached  flow  region  downstream  of  reattachment. 
Following  the  discussion  in  [78],  such  an  approach  is 
expected  to  give  the  most  adverse  effects  of  the  inter¬ 
action.  In  particular,  a  grid-independent,  fully  lami¬ 
nar  computation  is  bound  to  yield  the  largest  possi¬ 
ble  extent  of  the  interaction,  and  the  associated  effect 
on  control  effectiveness.  The  laminar  computation 
will  also  yield  the  mininmm  boundary  layer  thickness 
in  the  boundary  layer  neck  region  at  the  downstream 
end  of  the  reattachment  compression.  Finally,  this 
minimum  boundary  layer  thickness,  combined  with 
a  turbulent  computation  (starting  from  the  laminar 
solution  at  reattachment)  will,  in  turn,  yield  an  up¬ 
per  limit  for  the  heat  transfer  on  the  ramp.  These 
conjectures  are  illustrated  by  the  comparison  of  ex¬ 
perimental  and  computed  heat  transfer  distributions 
in  Figs.  47  and  48. 

Before  concluding  this  section,  attention  is  drawn  to 
the  fully  laminar  computations  of  [78]  corresponding 
to  the  Mach  14  transitional  test  case  of  [21]  with  a 
Reynolds  number  to  the  hinge  line  of  1.3x10®.  Con¬ 
trary  to  the  lower  Reynolds  number  (Re^,  =  450,000) 
forward  ramp  case,  also  computed  in  [78]  (Figs.  43 
and  44),  where  a  grid  independent  solution  was  demon¬ 
strated,  this  was  not  possible  at  the  higher  Reynolds 
number  within  the  level  of  grid  refinement  performed 
in  [78].  The  grid  dependence  results  of  Fig.  49,  thus, 
illustrate  the  aforementioned  difficulties  associated 
with  the  establishment  of  grid  independent  solutions 
at  elevated  Reynolds  numbers  and  cold  wall  condi¬ 
tions. 

5.4  Planar  two  -  dimensional  fully  turbulent 
interactions 

The  preceding  discussion  provided  indications  that 
the  implementation  of  simple  turbulence  models  in 
Navier-Stokes  computations  may  yield  reasonable  es¬ 
timates  of  the  turbulent  heat  transfer  distribution 
over  attached  flow  regions,  including  high  Mach  num¬ 
ber  cases  of  transitional  separated  shock  boundary 
layer  interaction,  provided  that  transition  is  fixed  to 
the  close  vicinity  of  reattachment  and  turbulent  flow 


is  limited  to  the  attached  flow  region  over  the  de¬ 
flected  ramp.  In  the  case  of  fully  turbulent  inter¬ 
actions,  howevtr,  exhibiting  significant  separation, 
the  performance  of  computations  may  be  impaired 
not  only  by  the  .convergence  and  grid  refinement  is¬ 
sues  addressed  above,  but  also  by  the  insufficiencies 
of  available  turbulence  models  [89]  in  separated  flow 
situations.  Turbulent  shock  wave  boundary  layer  in¬ 
teractions  and  the  development  of  appropriate  tur¬ 
bulence  models  are  treated  in  three  other  lectures  in 
this  course  [90-92].  The  discussion  here  will,  there¬ 
fore,  be  limited  to  a  brief  reference  to  available  flat 
plate  /  two-dimensional  ramp  data  (with  a  turbu¬ 
lent  interacting  boundary  layer)  and  related  compu¬ 
tations. 

Experimentally,  the  assessmeni  of  [74]  has  shown 
that  very  few  turbulent,  super-  or  hypersonic  flat 
plate  /  two-dimensional  ramp  experiments  are  suited 
for  code  and  turbulence  model  validation  purposes. 
At  hypersonic  Mach  numbers  [34,93  and  33,46,73] 
they  involve  mean  wall  pressure,  heat  transfer  and 
some  skin  friction  measurements,  but  no  flowfield 
mean  or  fluctuating  quantities  that  would  be  desir¬ 
able  for  the  proper  validation  of  turbulence  models. 
A  more  recent  Mach  5,  35°  ramp  turbulent  test  case 
has  been  defined  in  [72a],  where  the  experimental 
surface  pressure  and  heat  transfer  data  were  provided 
by  [94].  Finally,  two  sets  of  Mach  3  experiments  from 
the  American  and  Russian  literature  are  provided  in 
[74],  which  also  include  pitot  pressure  and  hot  wire 
surveys  of  the  flowfield. 

Computationally,  the  limited  performance  of  simple 
algebraic  turbulence  models  is  illustrated  in  Fig.  50 
by  the  comparison  of  two  computations  from  [72a] 
with  the  heat  transfer  data  of  [94],  taken  from  the 
synthesis  of  [87].  Noting  that,  in  the  computations, 
turbulent  flow  is  assumed  from  the  model  leading 
edge,  whereas  the  experiment  shows  transition  to 
occur  between  0.10  and  0.15  m  downstream  of  the 
leading  edge  (still  upstream  of  the  interaction),  the 
discrepancies  found  between  computational  and  ex¬ 
perimental  results  upstream  of  the  interaction  are 
largely  due  to  the  poor  choice  of  the  effective  virtual 
origin  of  the  flat  plate  turbulent  boundary  layer.  The 
features  of  the  separated  region  and,  subsequently, 
the  heat  transfer  distribution  on  the  deflected  tamp 
are,  however,  very  poorly  predicted  by  the  algebraic 
models,  indicating  the  need  for  more  sophisticated 
turbulence  modelling  in  separated  flow  regions. 

Still,  recent  investigations  with  two-equation  turbu¬ 
lence  models  [95,96],  including  compressibility  cor¬ 
rections,  have  also  revealed  significant  difficulties  in 
the  prediction  of  interacting  flowfields  exhibiting  sep¬ 
aration,  although  reasonable  predictions  for  attached 
turbulent  flows  were  obtained. 

Finally,  application  in  [97]  of  the  Baldwin-Lomax, 


k-w  and  Reynolds  stress  models  to  the  Mach  3,  24° 
ramp  test  case  of  [74]  has  provided  evidence  that  the 
performance  of  higher  order  Reynolds  stress  models 
in  the  prediction  of  turbulent  separated  flows  is  no¬ 
tably  superior  to  that  of  two-equation  models.  This 
is  illustrated  by  the  comparison  between  predicted 
and  measured  pressure  distributions  in  Fig.  51,  whereby 
the  extent  of  the  separated  region  is  generally  under¬ 
predicted,  except  in  the  case  of  the  Reynolds  stress 
model  where  it  is  somewhat  overpredicted.  Noting, 
however,  the  conunents  of  [74]  that  finite  span  effects 
have  been  significant  in  this  high  deflection  angle  ex¬ 
periment,  the  latter  discrepancy  is,  at  least  partially, 
due  to  three-dimensional  effects  that  are  neglected  in 
the  computations. 

5.5  Three-dimensional  swept  rsnup  interactions 
Flat  plate  /  swept  compression  ramp  configurations 
have  thus  feir  received  little  attention,  and  the  two 
sets  of  experimental  results  already  used  for  code 
validation  are  the  Mach  10  transitional  data  of  [94] 
(that  were  used  as  a  test  case  in  [72a, b])  and  the 
Mach  3  turbulent  data  of  [98]  that  are  included  in  the 
database  of  [74].  A  limited  amount  of  swept  ramp 
data  at  Mach  6  and  14,  exhibiting  laminar-turbulent 
transition  in  the  vicinity  of  reattachment  are  also 
provided  in  [21].  The  swept  ramp  case  is  computa¬ 
tionally  complicated  by  its  three-dimensional  charac¬ 
ter  (and  the  associated  increase  in  the  computational 
effort),  and  by  the  need  to  properly  define  appropri¬ 
ate  side  boundary  conditions.  The  lateral  extension 
of  the  domain  beyond  the  model  side  edges  and  the 
imposition  of  freestream  conditions  at  its  edge  is  rec¬ 
ommended  on  the  basis  of  the  arguments  outlined  in 
section  5.2. 

An  illustration  of  the  limited  performance  of  three- 
dimensional  separated  flow  computations  is  given  in 
Fig.  52,  by  the  compeirison  of  measured  [94]  and 
computed  [99]  streamwise  heat  transfer  distributions 
at  various  spanwise  stations.  There  are  three  main 
points  to  note.  First,  the  150x50x40  mesh  em¬ 
ployed  in  [99]  is  in2idequate  to  resolve  the  attached 
laminar  boundary  layer  upstream  of  the  interaction 
and,  hence,  the  computed  heat  transfer  distribution 
in  this  region  is  lower  than  the  experimental  data 
and  the  laminar  reference  temperature  predictions. 

A  grid  refinement  performed  in  [99]  for  a  flat  plate 
computation  has  demonstrated  this  point.  Secondly, 
the  ramp  heat  transfer  distribution  is  significantly 
underpredicted  by  the  laminar  computations,  due  to 
the  transitional  nature  of  the  experiment  and  the  at¬ 
tainment  of  turbulent  flow  downstream  of  reattach¬ 
ment.  In  addition,  the  computations  underpredict 
the  laminsu  ramp  reference  temperature  predictions, 
indicating  the  aforementioned  boundary  layer  resolu¬ 
tion  problem.  As  for  the  overprediction  of  the  extent 
of  the  separated  region,  this  is  mainly  due  to  the  use 
of  a  laminar  computation  relative  to  a  transitional 
experiment,  although  the  poor  mesh  resolution  and 


poor  prediction  of  the  oncoming  flowfleld  may  also 
be  responsible. 

The  turbulent  Mach  3  cases  have  been  computed  in 
[98,100]  and  the  problem  is  addressed  in  detail  in  the 
lecture  of  [92]  in  the  present  course.  Although  the  ex¬ 
perience  with  two-dimensional  test  cases  has  demon¬ 
strated  that  transitional  interactions  (with  transition 
fixed  to  the  reattachment  region)  may  be  satisfac¬ 
torily  predicted  with  simple  turbulence  models  that 
perform  well  in  attached  turbulent  flow  regions,  the 
current  computational  limitations  in  terms  of  com¬ 
puter  power  and  mesh  resolution,  combined  with  the 
turbulence  modelling  limitations  for  interacting,  sep¬ 
arated  turbulent  flowfields,  suggest  that  fully  launi- 
nar  three-dimensional  interaction  data  may  be  more 
appropriate  as  a  first  step  in  the  validation  of  three- 
dimensional  Navier-Stokes  solvers.  An  effort  to  ob¬ 
tain  such  well  defined  test  cases  is  currently  made  in 
relation  to  the  forthcoming  qualification  workshops 
planned  for  the  end  of  1994  jind  1995  [101].  In  this 
context,  the  flat  plate  /  swept  compression  ramp  con¬ 
figuration  is  no  longer  considered  due  to  the  inade¬ 
quate  definition  of  side  boundary  conditions  by  the 
experimentalists.  Instead  the  delta  wing  /  deflected 
flap  configuration  is  found  to  be  a  more  appropriate 
three-dimensional  geometry. 

5.6  Interactions  over  axisymmetric  body /flare 
configurations 

Following  the  extensive  investigations  of  shock  wave 
boundary  layer  interactions  with  a  flat  plate  as  the 
parent  body,  recent  trends  have  favoured  axisymmet¬ 
ric  configurations  to  eliminate  the  uncertainty  of  side 
boundary  conditions  in  quasi-two-dimensional  exper¬ 
iments.  At  the  same  time,  there  has  been  an  evolu¬ 
tion  of  European  hypersonic  research  priorities  from 
very  fundamental  studies  to  applications-oriented  ones 
involving  generic  vehicle  configurations.  Although 
there  has  been  a  number  of  axisymmetric  body  / 
flare  investigations  including  skewed  flares  (cite,  for 
example,  [74]),  the  discussion  here  will  be  restricted 
to  the  hyperboloid  /  flare  configuration  that  has  been 
chosen  as  a  test  case  for  the  forthcoming  qualification 
workshops  [101]. 

The  definition  of  the  hyperboloid  /  flare  geometry, 
together  with  some  first  computations  aimed  to  aid 
the  “design”  of  the  experiments,  is  provided  in  [102]. 
The  contour  of  the  hyperboloid  represents  the  wind¬ 
ward  centerline  of  the  Hermes  spaceplane  at  30°  an¬ 
gle  of  attack  (similar  to  the  axisymmetric  represen¬ 
tation  of  the  windward  side  of  a  double  ellipse,  il¬ 
lustrated  in  Fig.  53),  thus  allowing  to  examine  the 
effects  of  realistic  parameters,  such  as  surface  cur¬ 
vature  of  the  parent  body  and  nose  bluntness.  The 
nose  bluntness,  however,  of  the  hyperboloid  /  flare 
configuration,  effectively  corresponding  to  the  mid¬ 
plane  radius  of  curvature  of  the  stagnation  region  of 
the  spaceplane  at  30°  angle  of  attsu^k,  is  smaller  than 
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the  effective  nose  bluntness  of  the  Hermes  configura¬ 
tion  because  of  the  actual  nose  shape  of  the  space- 
plane.  The  simulated  flap  (flare)  is  conical  and  at  an 
angle  of  43.6®  to  the  axis  of  the  hyperboloid,  which 
corresponds  to  a  deflection  of  just  over  20®  relative 
to  the  inclination  of  the  contour  at  the  hinge  line. 

Experiments  with  this  configuration  are  currently 
underway  in  both  “cold”  and  high  enthalpy  hyper¬ 
sonic  wind  tunnels  around  Europe.  On  the  basis  of 
the  experience  acquired  t*”is  far  with  shock  bound¬ 
ary  layer  interaction  testing,  experiments  with  suffi¬ 
ciently  low  Reynolds  number  are  included  to  wcirrant 
fully  laminar  interactions. 

Preliminary  computational  results  at  perfect  gas  con¬ 
ditions  (Moo  =  8.7,  Rci  «  42,000)  are  shown  in  Fig. 
54  in  the  form  of  pressure  coefficient  and  Mach  num¬ 
ber  contours  [102],  to  illustrate  the  complexity  of  the 
flowfield  in  the  shock  boundary  layer  and  shock  / 
shock  interaction  region.  Of  particular  interest  is  the 
strong  forebody  shock  which,  in  this  case,  interacts 
first  with  the  separation  shock  and  shortly  down- 
streeun  with  the  reattachment  shock.  The  second 
shock/shock  interaction  is  stronger  and  yields  a  sig¬ 
nificant  expansion  towards  the  deflected  flap  which  is 
reflected  upon  impingement  on  the  surface.  Also  of 
interest  is  the  continuous  expansion  along  the  fore¬ 
body  and  its  impact  on  the  characteristics  of  the 
shock  wave  boundary  layer  interaction  in  the  vicin¬ 
ity  of  the  hinge  line.  The  pressure  and  heat  transfer 
distributions  corresponding  to  the  case  of  Fig.  54  are 
shown  in  Fig.  55,  as  computed  independently  by  four 
different  codes  [103-105].  The  aforementioned  fore¬ 
body  expansion,  the  pressure  plateau  over  the  sepa¬ 
rated  flow  region,  and  the  pressure  and  heat  transfer 
rise  on  the  flare  are  noted,  as  well  as  the  reasonable 
agreement  between  the  four  computations  (all  per¬ 
formed  on  a  rather  fine  mesh  of  228x120  points). 

At  different  flow  conditions,  of  course,  situations  may 
arise  in  which  the  separation  and  reattachment  shocks 
coalesce  inside  the  forebody  shock  layer  and,  subse¬ 
quently,  the  resulting  flare  shock  interacts  with  the 
forebody  shock  a  significant  distance  downstream. 
An  example  is  shown  in  Fig.  56  [106],  where  pres¬ 
sure  contours  are  presented  for  the  region  near  the 
hinge  line  of  the  hyperboloid  /  flare,  at  flow  condi¬ 
tions  corresponding  to  77  km  altitude  of  the  reentry 
trajectory  of  the  Hermes  spaceplane.  At  such  high 
enthalpy  conditions,  the  thermochemical  behaviour 
of  air  becomes  important  as  illustrated  by  the  differ¬ 
ent  shock  locations  obtained  in  Fig.  56  with  different 
thermochemic^d  models  (frozen,  chemical  nonequilib¬ 
rium  and  thermochemical  equilibrium  air). 

A  better  illustration  of  thermochemical  effects  at  high 
enthalpy  conditions  is  given  in  Fig.  57  by  the  corre¬ 
sponding  surface  pressure  emd  heat  transfer  distribu¬ 
tions  computed  in  [106].  First,  differences  in  temper¬ 


ature  in  the  forebody  shock  layer,  due  to  the  thermo- 
chemical  behaviour  of  the  air  (frozen,  chemical  non¬ 
equilibrium  or  thermochemical  equilibrium),  cause 
important  differences  in  the  Mach  number  of  the 
flow  in  the  shock  layer  approaching  the  flare.  Impor¬ 
tant  differences  are,  therefore,  found  in  the  surface 
pressure  recovery  on  the  flare,  whereby  the  frozen 
(perfect)  gets  computation  yields  a  lower  pressure  rise 
than  the  equilibrium  gas  compulation.  More  specifi¬ 
cally,  this  is  due  to  a  lower  temperature  of  the  equi¬ 
librium  gas  (caused  by  dissociation  in  the  forebody 
shock  layer)  and,  consequently,  a  higher  Mach  num- 
Oer  in  the  forebody  shock  layer.  For  similar  reasons, 
the  extent  of  the  separated  region  is  reduced  in  the 
case  of  thermochemical  equilibrium.  Secondly,  im¬ 
portant  differences  are  detected  in  the  heat  trans¬ 
fer  distribution,  but  here  the  wall  thermochemical 
boundary  condition  also  plays  a  role,  in  addition  to 
the  thermochemical  behaviour  of  the  outer  inviscid 
flow. 

To  conclude  this  section,  it  is  recalled  that  new  high 
enthalpy  facilities  have  been  constructed  to  support 
the  assessment  of  the  effects  of  the  thermochemical 
behaviour  of  air  at  high  enthalpy  reentry  conditions, 
as  these  were  illustrated  above  by  the  computational 
results  of  [106].  This  type  of  ground  simulation,  how¬ 
ever.  is  faced  with  a  variety  of  difficulties.  First, 
the  complete  ground  simulation  of  flight  conditions 
is  not  possible,  and  a  compromise  between  Mach  and 
Reynolds  number  simulation,  on  one  hand,  and  total 
enthalpy/velocity  and  thermochemical  characteristic 
lengthscale  simulation,  on  the  other,  is  necessary.  A 
further  complication  arises  from  the  possible  thermo¬ 
chemical  non-equilibrium  in  the  freestream  of  ground 
test  facilities  (caused  by  the  rapid  nozzle  expansion), 
which  must  also  be  accounted  for  in  the  interpreta¬ 
tion  of  results.  All  in  all,  it  is  clear  that,  at  high 
enthalpy  conditions,  the  interpretation  of  wind  tun¬ 
nel  data  and  their  extrapolation-to-flight  becomes  a 
very  complex  task,  which  must  rely  heavily  on  well 
qualified  and  validated  computations. 

In  addition,  computations  are  beginning  to  prove 
useful  and,  in  some  cases,  may  become  mandatory 
for  the  design  of  successful  experiments.  For  exam¬ 
ple,  the  preliminary  thermochemical  non-equilibrium 
computations  of  [107]  and  their  comparison  with  cor¬ 
responding  perfect  gas  computations  from  [105]  have 
provided  evidence  that,  with  the  current  size  of  high 
enthalpy  tunnels  and  their  operating  pressure  limita¬ 
tions,  significant  difficulties  may  arise  with  the  simu¬ 
lation  of  thermochemical  effects  over  wide  angle  ax- 
isymmetric  configurations,  such  as  the  hyperboloid  / 
flare.  Specifically,  the  small  scale  of  the  model  (im¬ 
posed  by  tunnel  size  constraints  on  the  base  diame¬ 
ter),  combined  with  the  relatively  small  nose  blunt¬ 
ness  of  the  hyperboloid,  may  support  chemical  freez¬ 
ing  in  the  shock  layer  and,  thus,  inhibit  the  reve¬ 
lation  of  thermochemical  effects  in  the  experiment. 


In  this  respect,  the  blunter  double  ellipsoid  config¬ 
uration  (section  5.7)  may  be  more  appropriate  for 
the  experimental  assessment  of  such  effects  on  shock 
wave  boundary  layer  interactions,  at  least  as  long  as 
significant  scale  and  operating  pressure  limitations 
remain  in  high  enthalpy  ground  testing. 

5.7  Interactions  in  the  canopy  region  of  space- 
planes:  the  double  ellipsoid  configuration 
The  double  ellipse  (two-dimensional)  and  double  el¬ 
lipsoid  (three-dimensional)  configurations  have  been 
widely  investigated  and  included  as  major  test  cases 
in  both  Antibes  workshops  [72]  and  in  the  forthcom¬ 
ing  ESTEC  workshops  [101],  their  relevance  lying  in 
the  determination  of  nose/canopy  heating.  Under 
specific  flow  conditions  and  attitude  (zero  or  low  an¬ 
gle  of  attack),  the  flow  phenomena  in  the  region  of 
the  nose/canopy  junction  resemble  closely  the  sit¬ 
uation  in  the  vicinity  of  deflected  control  surfaces. 
This  configuration  may,  therefore,  provide  further  in¬ 
sight  to  the  shock  wave  boundary  layer  interaction 
problem,  with  the  additional  complications  of  impor- 
trmt  nose  bluntness,  surface  curvature  (of  both  the 
“parent  body”  -  nose,  and  the  “deflected  control”  - 
canopy),  and  three-dimensionaJity  (in  the  case  of  the 
double  ellipsoid).  A  major  interest  of  this  geometry 
lies  in  the  revelation  of  thermochemical  effects  upon 
the  interaction,  which  are  strongly  present  in  high 
enthalpy  flowfields  due  to  the  significant  nose  blunt¬ 
ness. 

Still,  emphasis  has  so  fat  been  placed  on  30°  an¬ 
gle  of  attack  cases  (aimed  to  the  study  of  canopy 
heating  during  reentry;  results  are  summarized  in 
[108]),  in  which  configuration  the  canopy  compres¬ 
sion  on  the  leeward  side  is  rather  weak  due  to  the 
combined  angle  of  attack  and  viscous  effects  (Fig. 
58  [109,110]).  A  more  representative  configuration, 
in  terms  of  the  shock  wave  boundary  layer  interac¬ 
tion  in  the  canopy  region,  is  the  one  at  zero  angle  of 
attack  because  it  exhibits  a  stronger  canopy  shock 
and  an  interaction  between  the  bow  shock  and  the 
canopy  shock  near  the  body  surface  (Fig.  59  [HI]). 
Noting,  however,  the  limited  amount  of  double  ellip¬ 
soid  data  at  zero  angle  of  attack  and  that  the  bulk  of 
the  viscous  computations  to  date  have  assumed  equi¬ 
librium  chemistry,  with  little  effort  placed  towards 
systematic  comparisons  between  perfect  (frozen)  gas, 
equilibrium  and  non-equilibrium  chemistry  results  to 
assess  thermochemical  effects  on  shock  wave  bound¬ 
ary  layer  interactions,  further  progress  in  this  area 
is  anticipated  within  the  framework  of  the  European 
winged  reentry  vehicle  program  and  the  forthcoming 
qualification  workshops  [101]. 

6  SUMMARY  AND  CONCLUSIONS 
Shock  wave  boundary  layer  interactions  are  of  par¬ 
ticular  importance  to  the  design  of  the  control  sys¬ 
tem  of  lifting  ascent/reentry /cruise  hypersonic  vehi¬ 
cles,  because  of  their  effects  on  control  effectiveness 


as  well  as  heating.  Although,  locally  in  the  vicin¬ 
ity  of  deflected  control  surfaces  on  hypersonic  vehi¬ 
cles,  the  effective  Mach  number  of  the  interacting 
flowfield  is  often  supersonic  rather  than  hypersonic 
(due  to  forebody  incidence,  bluntness,  etc  ),  super¬ 
sonic  flow  investigations  are  not  sufficient  to  resolve 
design  problems  as  they  do  not  readily  contribute 
to  some  of  the  design  issues  that  are  specific  to  hy¬ 
personic  flight.  Such  issues  include  the  additional 
heating  constraints  to  the  design  of  control  surfaces, 
and  the  effects  of  the  forebody  entropy  layer  and  the 
interaction  between  the  forebody  and  control  shocks 
on  both  control  effectiveness  and  heating. 

In  terms  of  control  effectiveness,  the  problem  reduces 
to  the  determination  of  the  geometric  characteris¬ 
tics  of  the  interacting  flowfield  and  of  the  pressure 
rise  over  the  effective  body  shape  in  the  vicinity  of 
the  control  surface.  Whether  the  interaction  is  suffi¬ 
ciently  strong  to  promote  flow  separation  or  not,  the 
presence  of  viscous  effects  causes  a  modification  of 
the  effective  body  shape  which,  in  turn,  may  have  a 
profound  influence  on  the  pressure  recovery  over  the 
deflected  control  surface.  In  addition,  the  presence 
of  an  entropy  layer  approaching  the  deflected  control 
surface,  and  the  interaction  between  shocks  near  the 
deflected  control  (e.g.  between  forebody,  separation 
and  reattachment  shocks)  will  further  influence  the 
pressure  distribution  and,  thus,  control  effectiveness. 
The  length  of  the  deflected  control  surface  is  also 
important  in  determining  whether  a  full  pressure  re¬ 
covery  is  achieved. 

For  simplified  cases,  like  the  flat  plate  /  flat  ramp 
configurations  discussed  above,  with  thin  boundary 
layers,  the  pressure  distribution  may  be  determined 
by  combining  inviscid  oblique  shock  theory  with  the 
free  interaction  theory,  provided  that  the  geometric 
characteristics  of  the  interaction  are  known.  Thin 
boundary  layers,  in  such  cases,  imply  rather  sharp 
pressure  rises  through  separation  and  reattachment 
and,  thus,  the  overall  pressure  recovery  may  be  well 
approximated  by  the  inviscid  pressure  rise  through 
a  single  separation  shock  and  a  single  reattaichment 
shock.  The  interaction  between  the  two,  and  the  re¬ 
sulting  expansion  or  compression  at  their  intersection 
may  be  obtained  througn  the  inviscid  double  wedge 
theory. 

In  more  realistic  cases,  however,  involving  nonuni¬ 
form  oncoming  flows  (entropy  layer),  and  thick  bound¬ 
ary  layers,  the  pressure  recovery  over  the  deflected 
control  surface  will  stretch  over  a  significant  distance 
relative  to  the  actual  length  of  the  control  surface 
(in  contrast  to  the  aforementioned  single  separation 
shock  /  single  reattachment  shock  model).  The  res¬ 
olution  of  such  cases,  when  also  adding  the  uncer¬ 
tainties  in  determining  the  geometric  characteristics 
of  the  interaction,  will  likely  require  the  performance 
of  specific  Navier-Stokes  computations  or  full  Simula- 
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tion  experiments.  And  noting  that  the  uncertainties 
in  the  determination  of  interaction  geometric  charac¬ 
teristics  are  partly  related  to  the  transitional  nature 
of  many  interactions,  which  computer  or  wind  tunnel 
simulations  fail  to  model  for  the  moment,  a  designer 
may  eventually  be  forced  to  incorporate  worst  case 
estimates  in  the  design  cycle  (as,  for  example,  the 
maximum  fully  laminar  extent  of  the  interaction). 

In  terms  of  heating  of  the  deflected  control  surface, 
the  detailed  heat  transfer  distribution  is  not  required 
by  the  designer.  Instead,  an  estimate  of  the  peak 
heating  level  on  the  deflected  control  is  needed  for 
sizing  the  thermal  protection  system  of  the  control 
surface.  The  precise  location  of  peak  heating  on  the 
surface  is  less  relevant.  Noting  that  peak  heating  oc¬ 
curs  at  the  end  of  the  reattachment  compression  in 
an  attached  flow  region,  the  problem  mainly  reduces 
to  understanding  the  thickness  and  nature  of  the 
reattaching  boundary  layer  at  the  location  of  peak 
heating,  and  the  effective  flow  conditions  at  its  edge. 

For  the  simplified  configurations  considered  herein, 
and  conditions  corresponding  to  cold  wall  wind  tun¬ 
nel  testing,  the  reference  temperature  concept  has 
been  successfully  applied  to  the  prediction  of  the 
ramp  heat  transfer  distribution  and  to  the  devel¬ 
opment  of  a  peak  heating  correlation.  For  strong 
interactions,  and  for  cases  where  laminar-turbulent 
transition  was  very  efficiently  promoted  in  the  reat¬ 
tachment  region,  it  has  been  found  that  the  bound¬ 
ary  layer  thickness  at  the  location  of  peak  heating 
may  be  well  approximated  by  simple  geometric  ar¬ 
guments,  assuming  a  zero  thickness  at  reattachment 
(i.e.  assuming  the  virtual  origin  of  the  reattaching 
boundary  layer  to  be  located  at  reattachment).  For 
weaker  interactions,  or  interactions  involving  a  thick 
oncoming  boundary  layer,  this  approach  is  bound  to 
yield  too  small  a  boundary  layer  thickness  and,  thus, 
too  high  a  peak  heating  estimate. 

For  more  realistic  cases,  exhibiting  strong  pressure 
gradients  in  the  vicinity  of  peak  heating  (mainly  due 
to  strong  shock/shock  interactions),  and  with  hot 
wall  configurations  (representative  of  flight  rather 
than  wind  tunnel  conditions),  the  applicability  of  the 
zero  pressure  gradient  reference  temperature  theory 
becomes  questionable,  and  more  sophisticated  tools 
may  be  required  for  the  prediction  of  peak  heat¬ 
ing.  Such  pressure  gradient  effects,  and  the  influ¬ 
ence  of  realistic  geometric  shapes  (involving  blunt¬ 
ness/entropy  layers  and  surface  curvature)  upon  the 
validity  of  the  proposed  pressure  interaction  peak 
heating  correlation  remain  to  be  checked. 

The  formation  of  streamwise  striations  in  reattach¬ 
ing  flow  regions  has  been  found  to  depend  on  a  bal¬ 
ance  between  the  presence  and  strength  of  initial 
disturbances  (freestream  turbulence,  noise,  geomet¬ 
ric  irregularities,...)  and  amplification  mechanisms 


(strength  of  the  interaction  i  e  adverse  pressure  gra¬ 
dient  and  flow  concavity,  Reynolds  number,..).  For 
the  class  of  flow  and  geometric  conditions  examined 
herein,  streamwise  striations  have  been  detected  in 
cases  where  the  oncoming  forebody  flow  was  stable 
and  fully  laminar,  and  have  supported  the  occurrence 
of  laminar-turbulent  transition  on  the  deflected  con¬ 
trol.  Upon  attainment  of  fully  turbulent  flow,  stria¬ 
tions  have  dissipated  and  the  spanwise  heating  vari¬ 
ations  damped  to  effectively  zero  amplitude. 

Concerning  striation  heating,  all  available  data  indi¬ 
cate  that  the  macroscopic  effects  of  striations  may 
be  treated  as  an  integrad  part  of  laminar-turbulent 
transition.  Despite  the  large  spanwise  heat  trans¬ 
fer  variations  detected  in  a  number  of  cases,  the  lo¬ 
cal  turbulent  heating  level  has  consistently  provided 
a  good  approximation  to  the  upper  limit  of  heat 
transfer  peaks  on  the  deflected  control  surface.  Con¬ 
sequently,  a  luciximum  turbulent  estimate  for  peak 
heating,  corresponding  to  the  minimum  boundary 
layer  thickness  and  maximum  pressure  on  the  control 
surface,  such  as  the  one  given  by  the  proposed  cor¬ 
relation,  remains  valid  even  in  the  presence  of  strong 
striations.  It  is  also  noted  that,  similar  to  control  ef¬ 
fectiveness,  the  lack  of  adequate  transition/striation 
models,  may  again  force  the  designer  to  rely  upon 
worst  case  estimates  like  the  aforementioned  turbu¬ 
lent  peak  heating  level. 

Tripping  the  oncoming  boundary  layer  has  been  pro¬ 
posed  tis  an  effective  way  to  minimize  shock  wave 
boundary  layer  interaction  effects  on  control  effec¬ 
tiveness  and  heating.  The  idea  is  that  a  turbulent 
oncoming  boundary  layer  will  most  likely  remain  at¬ 
tached  for  typical  control  deflection  angles,  and  this 
will  not  be  to  the  detriment  of  control  heating  if  the 
interaction  with  a  laminar  boundary  layer  is,  anyway, 
expected  to  promote  laminar-turbulent  transition.  It 
should  be  borne  in  mind,  however,  that  a  turbulent 
oncoming  boundary  layer  will  be  thicker  than  a  lam¬ 
inar  one  and,  although  there  may  be  no  separation, 
the  extent  of  the  turbulent  interaction  may  be  similar 
to  the  laminar  case  and  not  beneficial  in  terms  of  con¬ 
trol  effectiveness.  Still  in  such  a  way,  the  minimum 
boundary  layer  thickness  on  the  deflected  control  sur¬ 
face  may  be  larger  than  in  the  transitional  case  (with 
transition  occurring  at  reattachment)  and,  therefore, 
beneficial  in  terms  of  heating. 

Clearly,  the  complexity  of  shock  wave  boundary  layer 
interaction  phenomena,  particularly  over  realistic  con¬ 
figurations,  combined  with  the  difficulties  and  mesi- 
surement  insufficiencies  in  wind  tunnel  testing  make 
CFD  a  very  important  potential  contributor  to  the 
design  of  control  surfaces.  But,  despite  the  signifi¬ 
cant  progress  achieved  in  the  field  of  Navier-Stokes 
simulation  of  hypersonic  separated  flows  with  impor¬ 
tant  viscous-inviscid  interactions,  a  number  of  diffi¬ 
culties  (resolution,  accuracy,  computational  efficiency, 


...)  and  uncertainties  in  the  quality  of  the  results  re¬ 
main.  Emphasis  will,  therefore,  continue  to  be  placed 
on  CFD  code  validation  with  the  help  of  workshop 
activities. 

Although  there  is  not  much  to  be  done  with  transi¬ 
tion  modelling  (except  for  Large  Eddy  simulations), 
more  reedistic  (and  less  conservative)  worst  case  esti¬ 
mates  may  be  obtained  from  reliable  computations, 
particularly  when  complex  configurations  are  consid¬ 
ered.  Assuming  that  transitional  interactions  (with 
transition  occurring  in  the  reattachment  region)  rep¬ 
resent  the  most  adverse  case  for  both  control  effec¬ 
tiveness  and  heating  (which  is  not  evident  with  com¬ 
plex  geometries),  a  computational  strategy  may  be 
proposed.  First,  a  converged,  grid-independent  fully 
laminar  computation  may  be  performed  to  provide 
the  maximum  possible  extent  of  the  interaction  (eind 
separation).  Such  a  computation  is  also  bound  to 
yield  the  minimum  possible  thickness  for  the  reat¬ 
taching  boundary  layer.  Continuing,  thereafter,  by 
“switching-on”  a  standard  turbulence  model  in  the 
attached  flow  region  downstream  of  reattachment  will 
provide  a  maximum  possible  turbulent  heat  trans¬ 
fer  peak  on  the  control  surface  corresponding  to  the 
minimum  local  boundary  layer  thickness.  This  ap¬ 
proach  has  been  shown  to  perform  well  with  simple 
flat  plate/  two-dimensional  ramp  geometries,  but  re¬ 
mains  to  be  checked  with  more  complex  configura¬ 
tions,  such  as  the  hyperboloid  /  flare. 

Finally,  it  is  rather  early  to  comment  on  real  gas  ef¬ 
fects  upon  shock  wave  boundary  layer  interactions. 
Nevertheless,  preliminary  computational  results  have 
demonstrated  an  indirect  effect  through  the  influence 
of  thermochemistry  on  the  blunt  forebody  flow  condi¬ 
tions  approaching  the  region  of  interaction.  Clearly, 
the  situation  may  be  significantly  complicated  if  im¬ 
portant  thermochemical  activity  occurs  within  the 
interaction,  but  no  explicit  results  are  yet  available 
in  this  area. 
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Fig.  1  -  The  Hermes  spaceplane 
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Fig.  3  -  Schematic  of  the  flowfield  over  a  fiat 
plate/two-dimensional  compression  ramp 


Fig.  2  -  Simplified  configurations  exhibiting  shock 
wave  boundary  layer  interactions 


Pressure  contours 


Mach  contours 


Pressure  contours 


Tailored  configuration  M  =  4.54 


Pressure  and  Mach  number  distributions 


Non-tailored  configuration  M  =  8 


Fig.  4  -  Inviscid  shock/shock  interaction  over  a  double  wedge  configuration  [19] 


Fig.  5  -  Combined  oil  flow  and  schlieren  visualization 
M  =  4,  AOA  =  15  degrees  [20] 


Fig.  6  -  Incipient  separation  criteria  for  laminar 
and  turbulent  interactions  over  2D  compression 
corners  [14,26] 
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Fig.  10  -  Pressure  distributions  over  flat  plate  and  flat  plate  /  2D  ramp  configurations  at  Mach 
14.2  with  Rer.  =  1.8  x  10«  and  T«,/To=0.12  [21] 


Fig  12  -  Schrniatir  re  presentation  of  viscous  effects  on  pressure  distribution  and  control  effectiveness 
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Fig.  13  -  Effect  of  entropy  layer  (leading  edge  blunt- 

nesa)  on  the  pressure  distribution  over  a  flat  plate  /  Fig-  16  -  Heat  transfer  distributions  over  swept  and 

2D  15“  ramp  configuration  at  Mach  10  with  Ret  =  unswept  compression  ramp  configurations  at  Mach 

2.1  X  10®  and  T„,/To=0.26  [41]  14-3  with  Ret  =  2.5  x  10®  and  T^/To=0.12  [21] 


Fig.  15  -  Heat  transfer  distributions  over  flat  plate  and  flat  plate  /  2D  ramp  configurations  at 
Mach  14.1  with  Ret  =  1-3  x  10®  and  T„/To=0.12  [21] 
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Fig.  17  -  Heat  transfer  distributions  over  flat  plate 
and  flat  plate  /  2D  ramp  configurations  at  Mach  6 
with  Rei=720,000  and  T.,/To=0.6  [21,43) 


Fig.  19  -  Heat  transfer  distributions  over  a  flat  plate 
/  2D  15°  ramp  configuration  -  effect  of  leading  edge 
bluntness.  Mach  6,  Rei=720,000,  I,,. /To=0.6  [-13] 


Fig.  20  -  Effect  of  entropy  layer  (leading  edge  blunt¬ 
ness)  on  the  heat  transfer  distribution  over  a  fiat 
plate  /  2D  15°  ramp  configuration  at  Mach  10  with 
Ret  =  2.1  X  10®  and  T„/To=0.26  [41] 


Fig.  21  -  Hung-Barnett  peak  heating  correlation  [48] 
and  comparison  to  recent  Mach  6  data  [43] 
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Fig.  22  -  Approximation  to  the  growth  length  of  the 
reattaching  boundary  layer  to  the  location  of  peedt 
heating  [50] 
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Fig.  23  -  Correlation  of  laminar  and  turbulent  peak 
heating  data  referenced  to  laminar  flat  plate  heating 
level  [21,43] 


Fig.  24  -  Oil  flow  [41]  (Mach  10)  and  sublimation  [43] 
(Mach  6)  surface  visualization  of  streamwise  striar- 
tions 


Fig.  25  -  Thermosensitive  paint  [59]  (Mach  10)  and  infrared  [60]  (Mach  8.15)  visualization  of 
streamwise  striations 


SPANWISE  HEAT  TRANSFER  COEFFICIENT  VARIATION  (%] 
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Fig.  30  -  Streamwise  evolution  of  spanwise  beat  tramsfer  distribution  over  a  10®  ramp  configuration 
at  Mach  6,  Rei,=320,000  from  thermogram  of  Fig.  26b  (40  fim  leading  edge)  [21,43] 
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Fig.  31  -  Effect  of  model  leading  edge  thickness  and/or  disturbance  distribution  on  spanwise  heat 
transfer  distribution  on  10”  deflected  ramp  at  Mach  6,  Re^  =  320,000  [21,43] 


10« 


^  Spanwise  distance  |:nl 

Fig.  32  -  Streamwise  evolution  of  spanwise  lioat 
transfer  distribution  over  a  15°  ramp  configuration 
at  Mach  6,  ReL="20,000  from  thi-rmograrn  of  Fig. 
26e  (40  pm  leading  edge)  [21,43] 
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Fig.  34  -  Spanwise  heat  iransfrr  disinbutioii  r  lt)“ 
ramp  at  Mach  6,  Rci  =  320.  UOU  fi\.  .i  thcriui'graui 
of  Fig.  27  (98  //m  clean  leading  edge)  [.57] 
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Fig.  33  -  Spanwise  heat  transfer  distributions  on  15°  ramp  at  Mach  10,  Rei,  =  2.1  x  10®  [41,59] 


»CAr  MANSfCA  cotmctCHT,  c»»  r«AMtrcA  coirncitur.  c^ 


Fig.  35  -  Minimum  and  maucimum  streamwiee  heat  transfer  distributions  along  flat  plate  /  2D 
ramp  configurations  at  Mach  6  -  effect  of  unit  Reynolds  number,  ramp  deflection  and  location  (40 
/im  leading  edge)  [21,43] 
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Fig.  36  -  Minimum  and  maximum  streamwise  heat  transfer  distributions  along  flat  plate  /  2D  10® 
ramp  configurations  at  Mach  6  with  Re^  =320,000 -effect  of  leading  edge  thickness  and  irregularities 
/  perturbations  [21,43] 
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Fig.  37  -  Integration  of  ground  testing,  computations 
and  flight  [68] 


Fig.  39  -  Comparison  of  mezisured  and  computed 
pressure  distributions  over  a  flat  plate  /  7.5®  ramp 
configuration  at  Mach  6  with  Rei,=400,000  and  adi¬ 
abatic  wall  temperature  [78] 
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Fig.  38  -  Computed  Mach  number  contours  o.cr  15° 
compression  ramp  geometry  at  Mach  14  1  -  inviscid. 
laminar  and  turbulent  results,  Rer.  =  1.3  x  10'^  [75] 
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Fig.  41  -  Comparison  of  measured  and  computed 
pressure  distributions  over  a  flat  plate  /  24°  ramp 
configuration  at  Mach  14.1  with  Rei;=105,000  and 
T„,/To=0.1  [79] 


Fig.  40  -  Evolution  of  the  computed  location  of  the 
separation  point  with  number  of  iterations  and  grid 
refinement  for  the  Mach  6,  7.5°  ramp  test  case  of  Fig. 
39  [78] 


b)  rampf  0  =  -5* 


Fig  42  -  Comparison  of  measured  and  computed  pressure  and  heat  transrer  o  - 

temperature  and  density  profiles  over  a  flat  plate  /  25»  ramp  configurat.on  at  Mach  10  wrth 


Ret  =30,000  [85] 
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Fig.  43  -  Comparison  of  measured  and  computed  (laminar)  heat  transfer  distributions  over  a  flat 
plate  /  15°  ramp  configuration  at  Mach  14.1  with  Ilc£,=450,000  and  Tu,/To=0.12  [75,78] 


Fig.  44  -  Comparison  of  computed  (laminar)  density  contours  with  the  schlieren  photograph  for 
the  Mach  14  forward  15°  ramp  test  case  of  Fig.  43  [75] 


Fig.  45  -  Comparison  of  measured  and  computed 
(laminar)  heat  transfer  distributions  over  a  flat  plate 
/  15°  ramp  configuration  at  Mach  10  with  Rex,  = 
■)  I  y  10«  and  T„/To=0.26  [87] 


Fig.  46  -  Comparison  of  measured  and  computed 
(laminar)  heat  transfer  distributions  over  a  flat  plate 
/  15®  ramp  configuration  at  Mach  14.1  with  Rex,  = 
1.3  a  10'  and  T„,/  ro=0.12  [37] 
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Fig.  47  -  Comparison  of  measured  and  computed  heat  transfer  distributions  over  the  flat  plate  / 
leai  15°  rtimp  configuration  at  Mach  10  with  Rei  —  2.1  x  10®  and  Tu,/To=0.26  -  laminar,  turbulent 
and  transitional  computations  with  turbulence  model  ’’switched-on”  at  reattachment  [88] 
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Fig.  48  -  Comparison  of  measured  and  computed 
heat  transfer  distributions  over  the  flat  plate  /  rear 
15°  ramp  configuration  at  Mach  14.1  with  Re/,  = 
1.3  X  10®  and  T„/To=0.12  -  laminar,  turbulent  and 
transitioned  computations  with  turbulence  model 
“switched-on”  at  reattachment  [75,78] 


Fig.  49  -  Comparison  of  measured  and  computed 
(laminar)  pressure  distributions  over  the  flat  plate 
/  rear  15°  ramp  configuration  at  Mach  14.1  with 
Rex,  =  1.3  X  10®  and  T»,/To=0.12  -  grid  dependence 
study  [78] 
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Fig.  50  -  Comparison  of  measured  and  computed 
(turbulent)  pressure  and  heat  transfer  distributions 
over  a  flat  plate  /  35°  ramp  configuration  at  Mach  5 
-  algebraic  turbulence  models  [87] 


A. 
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Fig.  51  -  Comparison  of  measured  and  computed 
(tur'^'ilent)  pressure  distributions  over  an  adiabatic 
wall  flat  plate  /  24°  ramp  configuration  at  Mach  3  - 
influence  of  turbulence  models  [97] 
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Fig.  53  -  Schematic  representation  of  the  definition 
of  the  cixisymmetric  equivalent  of  a  configuration  at 
angle  of  attack 


Fig.  54  -  Pressure  and  Mach  contours  around  the 
hyperboloid  /  flare  configuration  at  Mach  8.7  [102] 


Fig.  52  -  Comparison  of  measured  and  computed 
(laminar)  heat  transfer  distributions  over  a  flat  plate 
/  30*  swept,  15*  ramp  configuration  at  Mach  10,  with 
Rfcap.,  =  2.1  X  10«  and  T„/To=0.26  [94,99] 
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Fig,  55  -  Comparison  between  predictions  of  the  pressure  and  heat  transfer 
distributions  over  the  hyperboloid  /  flare  configuration  at  Mach  8.7  [103-105] 


Fig.  56  -  Pressure  contours  near  the  hinge  line  of  the  hyperboloid  /  flare  config¬ 
uration  at  Mach  25,  Ret  =  120,000,  Tu,=800  K,  Too  =  192  K  (flight  conditions, 
77  km  altitude);  left:  frozen  air  perfect  gas  model;  center:  chemical  nonequi¬ 
librium  air  model;  right:  thermochemical  equilibrium  air  model  [106] 


Fig.  57  -  Effects  of  thermochemical  air  model  on  the  pressure  and  heat  transfer 
distributions  over  the  hyperboloid  /  flare  configuration  at  77  km  altitude  flight 
conditions  [106] 


Fig.  58  -  Temperature  contours  over  double  ellip¬ 
soid  configuration  at  30°  angle  of  attack,  Mach  25  - 
equilibrium  gas  computation  [110] 


Fig.  59  -  Temperature  contours  over  double  ellip¬ 
soid  configuration  at  zero  angle  of  attack,  Mach  6  6 
-  equilibrium  gas  computation  [111] 
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—  flowfield  structure 

—  scaling  and  similarity  laws  i 

— effect  of  shock  strength  on  flow  features 

—  effect  of  shock  generator  geometry  for  a  given  shock  strength  , 

—experimental  techniques  for  investigating  swept  interactions,  particularly  optical  techniques  ! 
—contributions  of  numerical  simulations  to  the  understanding  of  swept  interactions.  j 

An  indepth  coverage  of  the  effects  of  turbulence  and  turbulence  modelling  on  the  flowfields  and  | 
other  related  phenomena  resulting  from  swept-shock-wave/boundary-layer  interactions  is  aiso  , 
provided  in  the.se  notes.  i 

The  material  assembled  in  this  report  was  prepared  under  the  combined  sponsorship  of  the 
AGARD  Fluid  Dynamics  Panel  and  the  von  Karman  Institute  (Y'Kl)  for  Fluid  Dynamics. 
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